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PREFACF 


AH ihe ivicKc profiler coUttltd m this ^ook wtc onpnally 
puWnhcd in The lUusirated at vinous ttmes between Aupjit 

I9603nd July 1965 in the series Dn/nen/ Sf/Vnnj/j <1/ tadia. They 
were intended to explain to the lay citizen the basic ideas underljmg 
the main scientific achiesements of the scientists concerned. 

The scientists selected arc merely the outcome of the accident 
that my own interest happens to he largely in mathematics nd only 
a few of the allied sciences ss-hich arc beginning to be permeated with 
it. There are.no doubt, many eminent scientists of India who base 
been omitted in this cotlcction. The omission is really due to my 
iniMity tocomprehend then work, much less to etplam tt to others. 

It is hoped that the publication of the senes in bool: form will 
show how Indians from various parts of this suS-eontsncnl arc 
eonUibuting to the stream of modern scientific thought. It will also 
thfiw that the coninbuticins made can bear wimparison with those 
made anywhere else. 

If It helps to spark in the reader’s mind the thought i hat the 
woiV of the Indian scentists. no mailer whether it is done in 
Calcutta, Bornba), Delhi, Hangalorc, Dhubaneswar or elsesiherc. is 
aim in some way a unifnng force, it will hair served its purpose. 


JACiJlT SINGIf 
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I F n^acles like Leonardo could occur nowadays, Homi Bbabka 
might have been one of them. His intellect had almost the 
maestro’s penetrative power as well as versatile sweep. Bot 
the exponential growth of the sciences, if not the arts, during the 
intervesing five centuries has long since made impossible a repeat 
performance of the Leonardesque feat. 

Bhabba had the good sense to restrain, in deference to this 
prolific multiplication of human knowledge, an early itch to take all 
the sciences and the arts in his stride. Fond of things of beauty and 
joie de yiyre from hts boyhood, he took to music and painting, only 
to make them his second love when he switched over to cn^ccring 
and technology to please his father; or, a little later, to atomic physics 
to the delight of his idol, the Nobel Laureate, Dirac. By dint of 
discipUned and Concentrated application of his enormous talents 
in the field of atomic physics that he chose as his life’s metier, be 
leapt to fame Byron-wise almost overnight with his “cascade” theory 
of cosmic-ray showers. The fame was well deserved because the 
theory elucidated one of the most ptizzliag mysteries of cosmic rays — 
a phenomenon so complex that, though k^o^v^ for about half a 
century, it is beginning to be understood only today. 

To comprehend the mystery Bhabha unravelled, it is necessary 
to remark that cosmic rays are no w known to be of two kinds. First, 
there arc the primary rays, which are fast-moving, ultra-energetic, 
cub-microscopic particles like the nuclei of hydrogen atoms or pro- 
tons accelerated to the speed of light, possibly by stray magnetic 
fields ih interstellar space. When some of them happen to approach 
the earth and enter our atmosphere, the trespassing particles collide 
with atoms in the air and, in view of their enormous energies, breed 
new nuclear particles. These new particles, which also begin to 
move at great speeds in nearly the same direction as the primaries, 
are the secondary cosmic rays. They too, in their turn, have been 
sfinded roughly into two classes by the experimental distinction of 



whether or not they pierce through ID to 15 cm. of lead, or an equi- 
valent depth of air which, naturally, is much longer. Bhabha’s 
“cascade” theory that won him fame is concerned with the genesis 
ofthc non-penetrating or the so-called “soft” component of secon- 
dary cosmic rays. 

It is b essence a beautiful mathematisation of a multiplication 
process somewhat akb to the growth of populations arising from a 
sbgle Adam-Bve p^, but with a number of characteristic features 
of its ovm. First, in the “cascade” case, unlike human populations, 
the generations alternate. That is to say, the members of two 
successive gcneratbns arc not of the same kind, as with human 
beings, but belong, so to speak, to different species. The two “species” 
are very energetic photons or rays of invisible light, on the one hand, 
and high-speed electrons and their antithesis, the positrons, on the 
other. 

Secondly, the breeding analogue of the process is cither the 
creation of a nuclear twin — an “offsprbg” pair of electron and posi- 
tron — by the absorption in material media like air of a “parent” 
photon, or, conversely, the generation of an “offspring” photon from 
a “parent” electron or positron coUidbg with an atomic nucleus 
and yet persistbg after the collision. Thus, while a “parent” 
photon (hsappears m the creation process of a nuclear twin, a “parent” 
electron olUn survives the birth of an “offspring” photon. Hence 
the tlurd feature— ife., that, after the multiplication process has had 
its day, all that we may observe experimentally is a population or 
shower of electrons. 

Bhabha's problem then was to evaluate the number of secondary 
elections at any given depth of the atmosphere or any other material 
on the basis of known laws of quantum mechanics governing the 
behaviour of nuclear particles and photons, so that a confrontation 
of the computed numbers of secondaries with those actually observed 
might provide a test whether or not the postulated mechanism was 
at work. But here be faced a difficulty — the capricious breeding 
behaviour of the “parent” photons and nuclear twins. Although 
it does depend in a broad way upon their energies as well as the 
depth of air through which they travel, it is nevertheless a pretty 
chancy affair. In determining the detailed genealogy of the observed 
elccuonic progeny, one has, therefore, perforce to grope one’s way 
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in a hare of uncertainly in which the only rational course is to 
resort to probability rafeuJus. 

Fortunately, the obrcrsabic in this case — that is, the comber 
of secondary particles -can only be a whole number like 1, 2,3,4.. . , 
50, etc. Fortunate because, surprising as it may seem, the sirjgle 
restriction of the obscmiblc to the whole number series enables tis 
straightaft.iy to specify the probability of Cndirtg a given cumber 
ofsccondancsalany given depth. It happens that such a probability 
distribution is the well-known Poisson expression. With the 
knowledge of the probability distribution and certain other simpK- 
fying assumptions and approximations, Bhabha was able to reduce 
to order the immense complexity of the multiplication process 
and compute the average number of secondaries at any given depth, 
as ss'cll as the possible fluctuations around it. 

Despite excellent agreement between theory and observation, 
Bhabha did not choose to rest on his laurels. For, the agreement 
extended only to the average number of secondaries and not to the 
fluctuations from the average, which also arc relevant in the inter- 
pretation of many experiments. Bhabha realised at once that the 
"cascade” theory, which he had evolved in collaboration with Heiller, 
was in fact an oversimplification of an exceedingly complex state of 
affairs. 

To name one such simplihcatioa, the Poisson distribution, used 
to determine the chance of finding 1,2, 3.. number of secondaries et 
any given depth of the material traversed, results only if it is assumed 
that each secondary particle originates in complete independence 
of every other. But, as all of them are, in fact, L'neal descendant! 
of the same parent electron generated in a single multiplication coup, 
a more accurate one had to be found to take account of the inherent 
correlation between successive progenies. 

Bhabba undertook this formidable task in collaboration with 
AUadi Ramakrisbna and invented a novel method of calculating the 
required chance. As one would expect, the actual genesis of secon- 
daries is much too complex a process to yield a distribution which 
could be neatly trapped in a simple formula of a mathematician * 
making, like that of Poisson initially adopted. Undaunted, B^bha 
nevertheless did manage to trap it by calculating what statisticians 
call its higher "moments”. TWs is an artifice which may best be 
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described as a mathemaiiciaD’s gambit for quarrying a parlicaiarly 
elusive prey by means of a series of roundabout but converging 
computational routines. 

While the experimental verification of the "cascade” theory 
both in its original and reformulated forms naturally e.xcitcd 
the cosmic-ray physicists, it had two other fruitful consequences. 
First, it inspired Bhabha to generalise its mathematical core, so as 
to make it applicable to a whole class of random processes, of which 
the shownr phenomenon is just an instance. In a fundamental 
paper published by the Royal Society in 1950, he worked out, in a 
delightfully rigorous fashion, the generalised mathematical theory 
of idealised models or imaginary mechanisms that abstract just 
enough of the basic features of random processes simulated to secure 
mathematics a foothold. 

Such shift of interest from the physics of the "cascade” case to 
its mathematics in order to extend tbelatter's applicational range, or 
even merely as an exercise in pure abstraction, was evidence of a 
powerful mathematical streak in Bhabha’s mental make-up. It had 
shown itself time and again in his later work also when, even 
without any eye to its possible use, the subsequent extension of the 
mathematical kernel originally devised to explain a physical situation 
spilled over fat beyond those initial needs that mothered its inven- 
tion tn the first instance. 

A case in point was his development in the early forties of a 
complete, but extremely elegant, generaUsed classical theory of parti- 
cles, even though classical theories, for reasons to be explained in 
the sequel, do not have a direct physical application today. The 
only practical use of this theory, as far as I am aware, has betni 
to refute an idea of Heisenberg about the nature of miplosions found 
m high-energy cosmic-ray phenomena. 

The second consequence of the "cascade” theory was cvett 
more remarkable. Since it had established that electrons do not pass 
through material media without producing showers, Bhabha sentured,, 
with uncanny premonition, to predict that some particles found 
in cosmic-ray showers, which behaved neither like protons nor like 
electrons, must be some new kind of nuclear particles, now known 
under the generic name "meson” adopted at his instance in prefer- 
ence to some othen suggested. The study of mesons has dominated 
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bter>(lay nuclear research an J has roeafed a wide diversity of them, 
nut, long before the discosrry of this proliferation, Bhabhi deve- 
loped tthat IS called the vector theory of the melon, in a Royal 
Society paper, as early as IW3. 

Some years ago. there teas a swing towards his theory, and one 
may hear more of jt in the future, especially as the mathematical 
formalism he dcwlopcd then still holds good. One other incidental 
by-product of his analysis of meson decay, which he was the first 
to point out, was that high velocity of these particles would 
maVc ihctn Unc longer in accordance with the rcblivity theory, thus 
providing a direct experimental proof, in the most extreme high- 
velocity range that SVC know, of Einstein’s prediction that clocks 
in motion go slower. 

However, the “cascade” theory, in spite of its fundamental 
importance in cosmic-ray physics and its aftermalb of an inspiring 
piece of pure mathematics, was for Dhabha merely an offshoot of a 
much wider aim— the advancement of quantum mechanics. This 
is the new mechanics that had to be devised, as the inadequacy of 
dynamical laws hitherto regarded as sacrosanct began to dawn on 
the twcnticlh-ceatury physicists delving more and more deeply into 
the interiors of atoms. Tsvo major amendments had to be made 
in laws. The first was the introduction of corrections required by 
Einstein’s relativity theory, particularly for particles moving with 
velocities comparable to that of light. The second was the innova- 
tion of Planck’s famous quantum principle, w hich postulated that 
energy exchange takes place not continuously in any amount, but 
discretely in an integral number of packets of energy', exactly as 
money always changes bands in an integral number ofpaise. You 
may conceivably owe someone, for example, half a paisa, but you 
cannot physically ghe it to liim. simply because the mint does not 
make it. The quantum mint docs likewise. It forbids deals in 
fractions of a packet of energy. One packet or none is its minimum 
counter. 

Since both the relativistic and quantum amendments were 
initially superimposed ad hoc on Newtonian ideas, the original quan- 
tum theory became a mishmash of arbitrary rules deidsed to uvvr- 
come special dilliculties without any os erall rationalisation providing 

'cal underpinning of the rules. This defect, bow’es’er, was 
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soon remedied apd, by 1936, Quantum mwhonics blossomed into e 
consistent, unified theory in a variety of forms, of Bom, Heisenberg, 
Schrodiogcr, Brogbe, Dirac and Jordan. These difTcrent foiDn}- 
latiOBS were in no sense roal thtwits, but, sttber, diticrent nsgects 
of a consistent body of law. 

Howes cr, the quantum rationalisation, such as it was, had been 
secured at a heavy sacrifice— loss of intelligibility. For, it all but 
obliterated the concrete, readily understood picture of an atom as 
a miniature planetary system of satellite clertrons orbiting around 
a central nucleus, and replaced it by a purely mathematical coos- 
tractor formalism whose physical interpretation led to serious 
language difficulties. As the celebrated mathematician, Hilbert, 
remarked at the time, it made physics too difficult for the physicists, 
and virtually excluded the non-mathematicians from comprehend- 
ing what these mathematical physicists were trying to say. 

Ill spite of their lack of ready intelligibility, the formalisms were 
a great success. In particular that of Dirac, which was the most 
comprehensive, yielded all the properties of the election at one blow 
even m the extreme relatiwstic domain, which had proved a serious 
difficulty in the earlier formalisms of Schrodinger and others. But 
even Dirac’s equations, for all their miraculous extraction of elec- 
tronic behaviour, failed to take in their stride other types of elemen- 
tary particles with spins diScrent from that of an electron or proton. 
For, many elementary particles, such as the satellite electrons orbit- 
ing round their atomic nucleus, behave as if they were spinning 
like tops round themselves, exactly 35 the earth docs while at the 
same time revolving round the sun. 

In the ease of the earth, we infer the rate of spin from the dura- 
tion of its diurnal rotation. In quantum mechanics, it is measured 
in terms of a special unit, which ensures that if is cither a whole 
number, like 1, or half an odd number, bkc J- or 
Since the spin of an electron or proton or neutron— the only cle- 
meataiy particles known at the time Dirac formulated his eqna- 
tioos—happens to be they naturally hold only for such particles, 

but not for those w iih a different spin. Although elementary particles 
v^ith spins other than 0, i or I have still not been discovered, it 
nevertheless occurred to many physicists working in the quantum 
field to devise a similar formalism for elementary particles with afi 
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•fbitrafjf spin. Such equations «efc fnJeed conslnjcfed, but cot 
till three giants of theorcticat ph>sics, Dirac, Tittz and racli, had 
pooled their talents. They are, therefore, named after them— the 
s^•c11•Vnow^ Dirac- Fierr-rauli nr D, F. P. equations. 

How'cvcr, they, too, raised their own crop of tangles into which 
I cannot go here. This led Dhabha to desisc .yet another set of 
equations, which arc the heart of sshat are now Icnown as Bhabha- 
type theories for particles with any arbitrary spin. While Bhabha’s 
equations (for good and sunident reasons) are equivalent to D.F.P. 
equations in the three particular cases corresponding to spins 0, j 
and 1, for every other case of spin greater than 1 they arc basically 
difierent. The main dilTcrence is that elementary particles with 
higher spins arc capable of scs'cral states of spin and mass, instead of 
having a unique value, as under the D.F.P. equations. 

Thus, for example, Bhabha showed that an elementary panicle 
ofj spin has two possible values of mass, one of them being three 
times the other. This may seem to provide a test of their validity. 
But, as no elementary particle with spin greater than 1 has yet been 
discovered, it is not possible to apply it, at any rate for the present. 
Although this cannot perhaps be construed as meaning that particles 
of higher spin do not occur in nature, yet it cannot per contra be 
claimed to favour their possible existence. 

One mcTit of Bhabha’s theory, however, is beyond dispute. It 
bases itself principally on a precise definition and analysis of spin, 
which enables it to derive the features of particles of any arbitrary 
spin from well-defined principles rather than from seemingly arbi- 
trary choice. As a result, it provides a logical explanation of why 
crowds of elementary particles of spins 0, 1. 2, 3,..cxhib!t one type of 
statistical behaviour characteristic of bosons, and those of spins 

quite another characteristic of /erwi/orer. 

Bhablia also explored the consequences of a novel idea that be 
had formed to put the quantum theory of mesons on the same footing 
as that of uncharged or neutral mesons. The idea w’as that, although 
all charged particles hitherto observed are found to have the s^c 
charge as an electron, charged elementary particles having twux. 
thrice, or any other integral multiple of the electronic charge My 
also conceivably exist. He show cd that while the assumption 
■certain diflSculties in the theory of charged mesons, to establish thor 
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actual existence, one has to look for them in nuclear explosions 
produced by cosmic rays. 

Consequently, study of photographs of nuclear explosions in the 
emulsions of photographic plates at high altitudes might be expected 
to nveal or disprove theif cxistcocc. Since Bhahha made the sugges- 
tion, such explosions can also be engineered in the laboratory by 
the newly constructed particlc-acccleraton. But the existence of 
Bhabha-tipe particles with ojty integral charge, too, has not jet 
been revealed either in the naturally occurring cosmic-ray explo- 
sions or in the laboratory. 

Even though some of Bhabha’s mathematical speculations may 
not have matenalised, their underlying mathematical nugget is al- 
ways like a thing of beauty, a joy for ever— if one can evaluate it. 
He chose to do battle with his armour of high-pow'cred mathcmi- 
tics in a field where, despite the efforts ofa whole phalanx of knights- 
at-arms like Dirac, Pauli, Heisenberg, Schrodinger and Bom, vic- 
tory is still not in sight, even though a number of significant local 
successes have been secured. All the formalisms so far devised, 
including Bhabha-type theories, suffer from a fatal defect in that 
many of the important problems of physics have no solution. When 
the formal equations arc solved, they lead to what prov’e to be un- 
controllable runaway summation processes. ^Vhich is to say that 
when the sum is evaluated, the formal answer is infinity to a problem 
that ought to have a finite solution. It is true that, in many cases, 
B partial sum yields a reasonably close approximation, but it is poor 
solace to the theoretician who secs in it evidence of a serious lo^cal 
flaw. 

A large amount of study has gone into cff’arts to remedy this 
defect, but to no great effect. This is perhaps why Hansh Chandra, 
a mathematidan of great power and a former collaborator of Bhabha, 
decided to switch dvk from mathematical physics to pure mathema- 
tics. This is also why Eermi, the famous architect of the atom 
bomb, pooh-poohed the ponderous mathematical apparatus used 
in some nuclear theories in deriving results that arc no better tbau 
could be obtained by a sketchy computation of orders of magnitude. 
It seems that the situation is not likely to improve unless much 
greater data accumulates to point the way to as revolutionary a re- 
vision of the fundamental concepts as that underlying the earlier 



mjihrmaiicj) fomaViims nhen ihcy «frc Fint moctc<i,ont thirty 
jears ago. 

Dclcrrcil by these current complexities of the quantam theo 
nhabha, loo, might perhaps have drifted like hi* erstwhile colbbo 
tor, Harisb, into pure mathctnalics or like bis chosen beroiLeonan 
into painting and the fine arts. But, being the inevitable choice 
the head of our Atomic Energy Commission set up immediate 
after the attainment of IndcpcDdencr, this redoubtable sad as. 
duous cultivator of the atomic land received a heifer worthy of 1 
plough. He had thus to concentrate all his prowess on the mo 
practical and arduous, if less fundamental, task of prepanng tl 
country to tap the atom for its immense, though hidden, treasure ( 
energy. 

The task indeed was undertaken none too soon. For, our r 
pcndable energy capital is running out fast. As he remarked in hi 
Presidential Address to the Geneva Conference on the Peacefi 
Uses of Atomic Energy, in 1955, “For the full industrialisation of th 
underdeveloped areas, for the continuation of our civflisatfon am 
its further development, atomic energy is not merely an aid; it is ai 
absolute necessity.'’ 

Dbabba proved this long-range, absolute need of atomic powo 
in the world and, in particular, in India with some very telling statis- 
tics. Using a Unit called Q, the pow'er generated by burning 3J 
thousand million tons of coal, Bbabha recalled that the total expen- 
diture of power during 1,850 years since the Christian eai,azaowird 
to only 9 Q — an average rate of half a Q per century. During the 
next century, it rose to 5 Q, the actual rate now being 10 Q p« 
century. Since the world’s resources of coal, oil and all other fossil 
fuels arc just about 100 Q, and the existing rate of 10 Q per centurif 
is rising steeply, our present civilisafion is doomed to peter oatiB 
a few centuries, unless entirely new sources of energy arc harnessed. 

But the petering out would be accelerated cataclysmically if the entire 
present population of the world were to consume energy at the per 
capita rate now prevailing in the United States. This would catapult 
the total world consumption to well over 50 Q pec ceotury, instead 
of the present 10 Q. If the assumed fuller per capita energy conj 
sumption Were applied not to the present but to the increased world 
population, that the demographic flood now under way threatens ta 
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engulf us, we should exhaust the known reserves of fossil Aiels in 
under a century. 

If the global prospects of power ate so gloomy, outs in India 
arc much gloomier. The total coal reserves of India arc estimated 
to provide an energy equivalent of a little under 2 Q. To this may be 
added a contribution of about half a Q per century from water-power 
resources, and an equally fractional amount from oil even if alt 
our present expectations materialise fully. Bhabha calculated that 
all the pooled power resources of our fossil fuels and hydro-electric 
tesouices cannot in our midst sustain formoic than a decade the per 
capita level of energy consumption now prevailing in the U.S.A. The 
twilight of power that is likely to descend on our planet in a century 
will thus overshadow us in India within barely a decade of our launch* 
ing out in full industrial Hight. 

If, in presenting this grim balance-sheet of power, Bhabha seem- 
ed to speak like the Jeremiah of an impending Cimmerian doom, I 
hasten to add that, actually, he was the prophet of a new heaven on 
earth. For he had studied the problem of dispelling the threatened 
darkness at our industrial noon more deeply than anyone else in 
India, and had found the answer in atomic energy. But, because of 
the difficult and sophisticated technology involved, it is no simple 
cutlet to draw energy for peaceful purposes from the atom in an un- 
developed country like ours. Even the British, with all their techno- 
logical know-how and long-established industries, spent ten years 
in intensive research before they could open their first atomic power 
station, Calder Hall, in Cumberland. 

Bhabha knew that Ws period of prcpartition and gestatioa 
would be slightly longer. He hoped to set up his first atomic power 
station at Tatapur, some 60 miles north of Bombay, in 1968 — 
within 13 years of the settingup of the Atomic Energy Establish- 
cwni at Trombay, of whose massive and multi-purpose research 
elTort the Tarapur plant would be the first tangible fruit. To be 
sure, many more of its type as well as other kinds would follow. 
For Bhabha was busy carrying out the programme that he framed 
earlier, bearing in view the nature of India’s fuel and power reserves, 
both conventional and atomic, as also the peculiar property of 
nuclear fuels to regenerate themselves, or to generate new fuels 
stt hssile material. 



18 


KoMr tMtvrsr ivnt^N scttsTtsTS 


He planned lo ensh in, pnrifailarly, on the laltcf feature by sett* 
ing up in stages three l>pes of power reactors, which, in addition lo 
producing electricity, would also produce fuel for other reactors, fn 
the first stage, natural ur.inium, after appropriate purification, wouir 
be fed ns fuel, and jield, besides energy, a new nuclear fuel (pluto 
mum) for use in the second stage, Plutonium would then bcconu 
secondary fuel in another type of reactor, and, by surrounding 
It by thorium, some of the latter would be converted into yet anothet 
nuclear fuel (uranium 233) for use in the third stage. Uranium 233, 
in turn, would be used at a tertiary fuel in still another type of power 
reactor, in which thorium would again be introduced so as lo 
convert it into more of uranium 233. Since the last process is known 
to breed more of the tertiary fuel, uranium 233, than it actually 
consumes, by merely feeding Into such a breeder- type reactor 
additional thorium — of svhich wc have superabundant supplies— its 
own fuel requirements would be fully assured. It is by a judicious 
blend of these three types of reactors that Qhabha hoped lo amplify 
our existing power potential from conventional fossil fuels by a 
factor of thirty or so. 

Far-reaching as was Bhabha’s dream of atomic power, it had in 
its upper fringe an as->ct- faintly-perceived visionary gleam which 
could, in due time have illumined the way out of the impasses 
of atomic power. Bhabha had already foreseen two of them. First, 
he realised that even a superabundance of thorium deposits cannot 
make our power reserves inexhaustible, although they do increase 
them very considerably. Secondly, he also knew that, if all the 
power needs of our economy when in/u/I industrial flight were to be 
derived from atomic energy, as it must, the problem of disposal of 
the radio-active wastes of the flssion process might well be very 
expensive. For, the amount of such radio-active fission products 
would equal the fall-out from the explosion in our midst of some 
haf/ a million atomic bombs per annum. The only way out of both 
these nightmares of ultimate exhaustion of fuel sources and disposal 
of wastes is the possibility of putting sunshine, as it were, on tap by 
making miniature suns here on earth in our midst. 

Such a miniaturisation programme is now by no means a mere 
fantasy. There are reasons to believe that we could simulaW 
solar process of energy generation — that is, obtain Controlled energy 
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by/«j/onorii£hta<omic nuclei into heavier ones instead of its con* 
verse, the fission or breakdown of heavier atomic nuclei into lighter 
ones, as in atomic bombs as wit as m power plants. Since the most 
likely Candidate for fuel in the fusion process is a heavy isotope of 
hydrogen found in ordinary water, fusion power can rely on an in* 
exhaustible source of supply — the oceans. Besides, because the pro- 
cess docs not gii c rise to radio-active wastes, their disposal problem, 
too, will not arise. Bhabha’s eagle eye, therefore, was ever on the 
look-out in the scritabls jungle of literature for signs of any likely 
breakthrough to fusion power. 

Judging from contemporary indications, he had predicted that a 
break-through to fusion power might possibly occur wiihtn a couple 
of decades. If and when it did and controlled energy began to Sow 
from fusion, power would no longer be a problem in India, or, for 
that matter, anywhere in the wot Id. The realisation of this new ver- 
sion of the age-old dream of perpetual motion was the ultima T7iule 
of Bhabha’s vision of atomic power. 

At the time of his sudden death in the air crash on 24th January 
1966, Bhabha was still young enough confidently to hope to sec 
descend on earth many of his atomic castles in air including even 
his absolute ultimate of fusion power. Unfortunately he did not 
live to see the comm ssioning of even his first atomic power plant 
atTarapur lie had laboured so hard to build. Though foiled 
by untimely death, he will still be remembered as the chief 
architect of out atomic energy pilhr that bids fair to be, in increas 
ing measure, the mainstay of world economy, including ours, in 
the future. 
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J AGADISH CHANDRA BOSE’S emergeucc in 1895 as a front- 
rank experimental physicist was the first real refutation of the 
myth which Kipling epitomised with superb poetic aplomb in 
“The Ballad of East and West’’ ; 

Oh, East is East, and West is West, and never the twoin shaft 
meet. 

Till Earth and Sky stand presently at God's great Judgement 
Seat. 

Lil:c all myths, Kipling’s, too, had its modicum of rationale. It 
was the outcome of Western scholars’ exclusive preoccupation with 
Sanskrit literature to the neglect of our ancient science and crafts. 
Impressed by its religious and philosophical themes of great meta- 
physical subtlety and mystical insight, they were led to deny the 
Easterns any aptitude for the methods of exact science, even though 
acknowledging, and in some cases actually admiring, our Hair for 
paralogical leaps and mystical meditations. 

It therefore seemed natural to conclude that, wherever the East 
and West may chance to meet, this rendezvous could rrot possibly 
be a science laboratory or a scientific forum like the Royal Society. 
Nevertheless, when some stalwarts of the Royal Society — men like 
Lord Raleigh and Kelvin — were confronted with Bose’s sudden 
irruption in their midst, their instant recognition of his genius proved 
that in the scientific sphere at any rate, even if the antecedent in 
Kipling’s poetic syllogism were denied, its consequent, 

But there is neither East nor West, Border, nor Breed, nor Birth, 
It'Acn two strong men stand face to face, though they come from 
the ends of ike earth ! 
could still be legitimately afiirmed. 

Bose's strength, or rather skill, that took him at one stroke 
astride Raleigh and Kelvin lay in his power to bring to bloom even 
in that bare desert of the Presidency College classroom of Calcutta 
some very exquisite vignettes of experimental researeh in a field 
2i 
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that Hertz bad but recently opened with his discovery of radio warn. 
It was a domain which at the time was such a terra incognita that at 
first the great Hertr himself hesitated to tread it, despite the offer 
of all-out assistance by his teacher, Helmholtz, not to speak of the 
attraction of a prize from the Berlin Academy of Sciences. 

Jf it has since been so thoroughly trodden that even a child now 
takes the radio for granted, it is only because this midget rides 
on the shoulders of such giants as Hertz and Bose. They showed 
how to do, albeit in a rudimentary fashion, svhat modern broadcasting 
stations and the radios in our homes arc nowadays doing all the 
time. For modern broadcasting and aU that it implies merely grew 
out of those embryonic experimental devices which Hertz and Bose 
invented to reveal the deep connection between light and electricity 
that Maxivell had predicted tw'cnty years before, on purely theoretical 
grounds. 

Maxwell's basis for the predicted connection was indeed as grand 
a synthesis of optical and electromagnetic phenomena as Newton’s 
laws of motion and gravitation were of the Copcmicus-Keplcr 
celestial mechanics. Believing light to be a mere fransmtssion of 
energy between material bodies, he gave a simple explanation of 
optical behaviour within the framework of his electromagnetic 
theory. This theory was a logical extension of Newtonian mechanics, 
but with one major innovation designed to mitigate the mystery of 
the action-at-a-distance that Newton’s gravitation law invoked. 

Newton himself was quite puzzled by it, wondering why two 
material bodies should attract each other across the void of space. 
Since ihc earlier clccirodynamicaJ theory based itself on an analogous 
attraction (repulsion.) law between electric charges, the same mystery 
naturally pervaded it in equal measure. Maxwell’s great leap for- 
ward consisted in his replacement of the mystical acfion-at-a-diitaiu* 
by action-at-contact through the stress and strain of a univcreally 
pervading medium called ether. He showed that such an ubiquitous 
cosmic ocean of ether could cariy waves of varying wave-lengths, just 
as the waters of the seas and oceans do. 

As we know, the sea waves arc a manifestation of the periodic 
lining and falling of masses of water relative to the earth's centre, 
or, what amounts to the same thing, of sea water's alternately w 
creasing its poleiiiial and kinetic energy in a regular , rhythm. 
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an analogous way. Maxwell envisaged “ether” waves as the outcome 
of periodic altetnations of the intensity of electromagnetic forces 
with regular frequency. 

Although ether has not survived the subsequent turmoil in 
physics that such men as Michelson, Morley, Einstein, Planck and 
others let loose with their experiments and interpretations. Max- 
well’s main result, nevertheless, remains unchallenged to this day. 

It is that radiant light— the small band of colours from violet to red 
that we sec in a natural spectrum like the rainbow — is but a small 
segment of an unbroken range of electromagnetic waves extending 
far beyond what our eyes can see, with wave-lengths both longer 
and shorter than those of visible light. It begins with red light at 
one end of the visible spectrum and continues through infra-red 
to radio waves thousands of metres long. At the other (violet) 
end, it proceeds through ultra-violet down to X-rays and gamma 
rays accompanying nuclear changes. 

kVhat we need to apprehend these ultra-atid tnfra-visible 
rays is not some faculty of extra-sensory perception, but the better 
use of the senses wc do have, so that we may learn to sec not only 
with our eyes, but with all our senses, somewhat like Nietzsche’s 
Zarathustra teaching his listeners to hear with their eyes. 

This is precisely what Hertz and Bose taught us to do by means 
of their wondrous apparatus, m spite of Nieiische’s gibe at men like 
them whom he contemptuously dismissed as that ''laborious race of 
machinists" who have nothing but rough work to perform But it 
was ptcUcly this sort of "rough” and “laborious”, though inspired, 
work, rather than refined philosophical speculation, that yielded 
Bose fic Slide diversity of ingenious instruments which could record 
radialbn much shorter than Hertr’s long radio waves. He thereby 
advanced Hertz's earlier rather qualitative study of them to a pitch 
of quartilative precision that it had lacked. In particular, he showed 
that short electromagnetic waves behave exactly as a beam of light 
docs, bilh being amenable to reflection and refraction. He even 
managel to "polarise” the electromagnetic waves in order to further 
lay bare their identity with light rays. 

Fot ordinary or natural light, too, can be made to exhibit the 
polatisaion property, even though unlike its.othTrtTTri^lcCiKh 
as direcion, intensity and colour, the ^iis^v 



24 


SOME rJHIVENT rVDWM SCI£>ai3T8 


R plai* or water surface may refuse lo rtfleet natural l/gfit at a certain 
angle of incidence If it hat been patted previously through a crysl ‘ 
like tourmaline. .*?uch light it raid to be “polaritcd” This is a wa 
of saying (hat the periodic oscilhitions of the intensity of the hiddt 
electromagnetic fortes, of which it is an outward manifestation an 
which in ordinary or natural light lack any iited pattern of orier 
tation, nrc regimented by the passage of the ray through the materc 
of the crystal. Bose discovered a special crystal, nemalite, whic 
regiments electric waves in exactly thesame way as tourmaline does, 
beam of light. 

By his contrivance of a wide variety of delightfully simple am 
yet wonderfully ingenious instruments designed to prove the inder 
lying unity of electrical and optical beams, Bose gave us what in M 
humility he called "broken glimpses of invisible light". One eon 
sequence of this gift was the uplift in an altogether new dmrnsiot 
of the communications revolution that the earlier inventions ol 
submarine cable, telegraph and telephone had already sprked 
For, independently of Lodge and Marconi, Bose, too, had clearly 
foreseen the applicational potential of the electric waves of his 
experiments to wireless telegraphy. 

As early as 1895, he demonstrated in a public lecture in Calcutta 
how electric waves could travel from his radiator in the lecture room 
to another 75 feet away, where his receiver managed to pkk up 
enough energy to ring a bell and fire a pistol. To accomph'sl this 
amazingly remarkable feat with his feeble radiator, Bose antiapaW 
the lofty antennae of modern wireless telegraphy — a circular me 
plate at the top of a 20-foot pole being put in connection wih the 
radiator, and a similar one with the receiving apparatus. 

Having made the device work successfully, he did not dioosc 
to rest on his laurels. He now began to design an improved •Wtoa 
capable of functioning at still greater distance — between the rcsi 
dcncy College and his own house a mile away. But, before hr cou 
actual isc it, he left for England at the invitation of the Bntisl Ass 
ciatioR to attend its Liverpool session. ' 

The British Association meeting at Liverpool— his 
encounter with an English scientific audience was an imne i 
success. If ever Julius Caesar’s famous description of hs o 
exploit, “rent, vldl, \kr, could be applied to so spiritual apnen 



menon as the winning of human minds, none « ould come more pat 
thanBose’s conquest of his scientific peers at the Lherpool gather* 
lug. As his biociaphtr, Patiick Geddes, admirtngly records, Bose’s 
paper outlining his researches on electric waves so impressed Lord 
Kelvin that he “not only broke into the warmest praise, but limped 
upstairs into the ladies’ gallery and shook Mrs. Bose by both hands 
with glowing congratulations on her husband’s brilliant work”. 

As always, one success begets another, and the Lucrpool one 
brought in its wake an invitation to deliver a senes of Friday Even- 
ing Discourses at the Royal Institution, The invitation raised Bose 
so much in the esteem of the India Office aulhontics that they 
immediately granted him three months’ extra deputation leave for 
the preparation and delivery of the lectures. 

It was during the course of these discourses, with his free exhibi- 
tion of all his appliances, that Bose revealed his characteristically 
ascetic trait that astonished many and even disappointed a few. 
The leading British technical journal. The Electric Engineer, for 
example, expressed surprise “that no secret was at any time made as 
to its (his signalling device’s ) construction, so that it has been open 
to all the world to adopt it for practical and possibly moncy-tnakiag 
purposes”. Some British industrialists, whose lucrative offers for 
the exploitation of bis patent rights in the device he unhesitatingly 
spumed, not unnaturally regretted what they called Bose’s “unprac- 
tical quixotism”. 

But what seemed to them quixotism was for Bose a variation 
of our ancient ascetic theme in a more modern key. Asceticism for 
Bose did not mean as of old renunciation of life, but voluntary aban- 
donment of only the grosser material gains that life’s endeavours 
might bring. He believed that there is no renunciation unless one 
continues to earn what one chooses to relinquish, otherwise it is only 
a case of sour grapes. 

It is a moot point how far a scientist can nowadays keep himself 
aloof from the more material fruits of his endeavours without in- 
fringing the customary rules of the industrial game. Such great 
scientists as Kelvin, Marconi, Edison, and others have not hesitated 
to guard their legal rights to the profits that are their legitimate due. 
But Bose, painfully aware of what appeared to him “symptoms of 
deterioration” even in some scientific men, early resolved not to seek 
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1 . \c kept him ucd to phyjtci. where he would no doubt have in 
^ented many more of thow inpenioui appliances like his improved 
coherer which had rnade him justly famous. For many of the in- 
i' universal use in radio industry were beginmng 
f ^ devised durinp the early decades of the 20th century, and some 
01 them might well have been of Dose's making. But, seeking no 
pecuniary gain from his w-ork, he IcA a field that was still replete with 
undiscovered nuggets, and ventured into another altogether new— 
biophysics, or the physics of life. 

His descent into biophysics was really a revival of an old and 
cep-scated interest in animal life that he had showm since his infancy. 
As a child, he was fond of collecting all kinds of insects, trapping 
fish from the little road-bridge over the stream of his native village of 
Rarikhal in East Bengal, and capturing even water-snakes, much to 
the alarm of his elder sister. As a grown-up student of St. Xavier’s 
College, Calcutta, he spent all his spare cash on animal pets, and aH 
his spare time on their housing and care. 

With such fondness for animal life, it is really a w'onder that he 
look to physics at all in preference to zoology. The reason actually 
is that the Calcutta University in those days did not offer zoology- 
Instead, physics was its high point because of the brilliant teaching 
®f Father Lafont, the famous Professor of Physics at St. Xavier’s. 
But, even though Bose was captivated by Lafont’s instruction and ex- 
perimentation. he still decided to take to medicine as a career. So 
great was his passion for the living. 

Unfortunately, aPer a year’s study of medicine in London, 
he was obliged to give it up because he began to be afflicted with recur- 
rent attacks of a fever that he had contracted earlier during the 
course of a shooting trip in Assam. It was never really cured and 
was, retrospectively, suspected to be kala-azar. But, provoked by 
the odours of the dissecting room, it began to recur with alarming 
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frequency. He was therefore advised to leave medicine and take to 
science in Cambridge. After what he described as a “perfect orgy 
of lectures” ranging from embryology and physiology to chemistry 
and physics, he finally settled down to physics, mainly because of 
the educative and decisive influence of Lord Raleigh’s teaching, 
which complemented his earlier indoctrination into physics by 
Lafonl. 

After years of research in physics, he was destined to return 
to his old love, animal life, because he began to notice what appeared 
to him a complete parallel between the behaviour of inert matter, 
on the one hand, and living matter, on the other. A caw in point 
is the peculiar behaviour of his electric-wave receiver or “coherer”, 
which seemed to show signs of “fatigue” after continuous use, but 
could be “revived” to its original sensitivity after some “rest”. These 
and many other instances of similitude between the responses of the 
living and the inert that he discovered encouraged Bose to take up 
the study of life. 

But the phenomenon of life both in plant and animal has been 
such a mystery that not even (he present advanced stage of aU the 
sciences, from physics and chemistry to biology with their sophisti- 
cated techniques, is yet equal to the task of unravelling all the knots 
in its tangle. At the time of Bose’s switch-over some swy years ago. 
however, most biologists considered the nature of life quite inexpli- 
cable without recourse to a deus ex machina of some sort — God, 
spirit, purpose, cnlclechy, nisus, or some similar mystical 
principle, 

Wc may well appreciate the despair that drove them into such 
vitalistic mysticism. For in those days the complexities of the sclf- 
organisation of a single cell, not to speak of even the most pnmitive 
organism alive, were so enormous as to render any analysis of inter- 
cellular events all but hopeless. That is why when Bose deserted 
physics to study plants and animals he was believed by many eminent 
biologists and physiologists to have done so without adequate under- 
standing of the complexities of his new venture. No wonder many 
of his findings in the borderland of biophysics were suspected to 
be of dubious value. 

But, nothing daunted, be persevered during the remaining years 
of his life, despite lack of recognition and encouragement, m hb 
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explorations of the frontiers of physics and physiology, trying to 
obliterate old boundary’-lines and establish new points of contac 
between the domains of the living and the inert. He thus sougfc 
to restore the unity of outlook in our world picture that had dis 
appeared from conscious intellectual life ever since Galileo am 
Newton expelled animism in medieval science. 

nicrc remained, no doubt, an unfulfilled longing to bring abou 
the unity of animate and inanimate nature, which had been presca' 
in the older science, but was missing in the new. The urge to satisfy 
this longing sustained him in the midst of all the criticism that hi? 
biophysical work provoked. He thought hb inference of a new slew 
of life pulsating in all matter, from rocks and reefs to reeds and rams, 
from their common susceptibility to fatigue and depression or 
recovery and exaltation, would help integrate the fragmented 
sciences. 

But Bose’s vision of life that was to be his Ariadnes’ thread 
tying up the different sciences was held to be an illusion. He was 
blamed for having been carried away by a sort of enchantment 
exercbed by v crbal ghosts of his owti conjuring. For hb use of words 
like “fatigue”, “sleep", “exaltation'', “irritability", etc., in respect 
of inert and vegetative matter was branded as being as illegitimate 
as the application of words like “think” to computing machines, of 
“fly” to aeroplanes, to estabibh any real similitude between human 
brains and computers, or between birds and aeropbnes. Arguments 
on the score of such usage alone are purely linguistic ami cut 
no ice. 

Bose, of course, was by no means as naive as his critics inea 
to make him appear. He was actually trying to imitate some of 
characterbtic features of animal behaviour in plants and even mctali 
in the bor* that illuminating analogies would emerge between then 
respective behaviour repertoires. Ttrs b exactly what the ncuf^ 
physiologbti arc doing today by endeavouring to understand bram 
function from analogies with complex computing nuchines. 

But Dose's wide sweep of application of the analogy Idea 
rrmuturc. Casting aside the “cash in band” of physics that he hoo 
so assiduously garherexl, be allowed himself to be lured by the 
music of a distant drum"— his dream of restoring to tcien^ *• 
ofgacamie wairy that it tad lost since the Middle Ag« by hi* »»•'* 



\jsion of life, even thoygh scienct had slUl not evolved the means to 
implement it to the scale of hvs contemplation. As a result, the verdict 
on his biophysical wort remains even today as much in reserve as in 
1945 — eight years after his death, when The Encyclopaedia Britannica 
biographical note fairly summed it up as “so much in advance of his 
time thht its precise evaluation was not possible”. 

What, however, is beyond dispute u Bose’s importation into 
biophysics of the quantitative precision of a physicist. He did so 
by introducing new experimental methods and inventing many deli- 
cate and sensitive instruments for demonstrating the effects of sleep, 
air, light, food, drugs, fatigue, irritation, etc., in plants, in order to 
prove a complete parallelism between the responses of plants and 
animals, and even between plants and inanimate materials like 
roclals. 

For example, he invented the crcscograph, a supersensitivc 
instrument for recording plant growth by magnifying a smalt move- 
ment as much as ten miliioa-fold. He thus devised a means of over- 
coming the main hurdle in measuring the e.ttremely slow growth 
of plants, which move two thousand times slower than the proverbial 
soad. The difHculty arises because if the groulh is allowed to accu- 
mulate over a period long enough to make it measurable without 
magnification the effects of external conditions such as light, warmth, 
humidity, etc., which cannot be kept constant for that long, become 
intertwined, with no possibility of unravelling them. 

The only course out of ihc impasse is to devise a way of magni- 
fying the momentary effect induced by the variation of some single 
factor, while keeping all others constant, so that the result can be 
measured, Bose thus made it possible in one masterly stroke to 
apply to biological experiments the usual technique of physical 
laboratories of varying casual factors one at a time, despite the out- 
come being a tangied skein of several of them. 

This is one instance of how Bose tried in his later years to impreg- 
nate physiology with his ideology of physics. Such cross-fertilisation 
of ideas of two different branches is often fruiirul if the lime is ripe for 
it. There is a renowned parallel in the great physiologist Oalvani’s 
reverse permeation of phy’sics with physiology, two centuries ago. 
He, too, it may be recalled, was misled by his vision of anew kbd 
of “animal” electricity by observing the twitching in the muscles of 
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frog’s legs suspended on an iron railing by copper hool.s. Another 
countryman of his, Volta, rescued Galvani’s theory from the false 
start on to which his exploration of the lasvs of the inanimate nature 
with the study of the animate had led him. Bose’s Volta, who might 
has'c compensated the physical slant of his physiology, alas, has yet 
to appear. 
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O NE of the more Iiopefu! sifni of our tim« in these distressirj 
days of nuclear news is that R, C Bose should have recently 
blared a headline trail in the New York Press as Euler’s (pronounced 
olJer) spoiler merely because he proved a famous con/ccture of Euler 
wTons. 

Euler, an 18th century mathematiebn of genius, had hinodf 
spoilt the peace of many in his own and later days. He confounded, 
for instance, the celebrated atheist philosopher Diderot with an alge- 
braic "proor* of the existence of God at Catherine’s court The 
story may be apocryphal, but there is nothing apocryphal about his 
having confounded for nearly two centuries a long succession of 
mathematicians who, believing him, tried in s'ain to prove a guess 
he made about a new species of magic squares. 

A magic square, as is well known, is any 
square array of numbers, all of whoscrows 
and columns add up alike, as for example 
is the ease with Fig. I. 

In the new kind of magic squares 
with which Euler amused himself, he sub- 
stituted for numbers letters of an alphabet 
which may be Latin, Greek or any other. 

Instead of the restriction that the sum 
of the rows and of the columns should be Figure I 

the same, he required that no letter should repeat itself in acoltn 
or row. When such is the ease, the resultant arrangement of letter: 
called a Latin square, even though the letters used may be Greek 
Devanagari. 

Suppose we start w ith three letters of the alphabet, a, b, c. 
is easy to sec that, in all, 19,683 different squares of three rows * 
columns ca n be constructed w ith them. For in all there are nine ct 
in such a 3 X 3 chessboard, and each cell can be occupied by any oi 
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1 
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5 

4 

2 . 




three kttcrt, o, 6, c. There are thus 3 x S X 3 X . . .niflc times 
I9,6S3 distinct ways of filling the cells of the board. Each of 
ways yields an arrangement different from every other, as is 
nin Figs. 11 and III. 



and square Figure ll Figure m 

M) is Latin, the right-hand one (Fig. 1111 wherein the letter b 
ts itself in the first row, is not. It happens that only twelve out 
: total nineteen thousand-odd are Latin, as may be proved 
a little argument or with much labour by actually writing out 
e arrangements and scoring those with repeat letters in a row or 
an or both. Two of the twelve Latin squares happen to be 
: in that being, so to speaV, of the same caste, they can be 
ied to generate an offspring which is more Latin than any of 
ircnts. Thus from the following two marriageable or, to use the 
lematician’s lingo, orthogonal Latin squares vie. Figs. IV and V 
in produce another by superposing the letters of one on the 
r, as in Fig. VI. 
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Figure V 


Figure VI 


V/e observe that In the superposed square (Fig. VI) each Latin 
xcombinesonce, and only once, with cachGccek letter That is. 
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apnirliVc a « or hy docs not recur In the square. This iin 
the ease. In fact, if you take any other piif of 3x3 latli 
of the twelve that arc theoreticaily possibfe, the comh/iK 
obtained by their superposition will contain at least one 
pair. That is svhy when two Latin squares can be oaitec 
a WTiy tiial no pair of letters occurs more than once, the 
suiricicnlly remarkable to warrant the christening of the 
with n new name. It is called a CraecoLattn square. 

Euler was led to delve into the theory of Latin and Grae 
squares because someone in Catbcrine'scourtconfrontedhim 
problem of arranging dxdcajdoincen ofsisdilTerentranjcsa 
six dilTercnt regiments in a square, so that each row and 
would have one and only one ofOcer of each rank and each n 

EuJcr began by considwing the simpler proWem of ai 
3 X 3-«9 officers of three different ranks and three dilfcrcnt rci 
He showed that the answer lay in the Graeco-Latin arrangti 
have already cited. For if a, b, c denote the three ranks and 
the three re^menls, the desired arrangement is the one in 
none of the nine pain, like a oc, c0, bp, etc., is repeated, 
saw, there is only one such arrangement — w'r., the Grace 
square of three rows and columns shown in Fig. VL 

By considering Graeco-Latin squares of any nmuber (a) < 
and columns, Euler proved that the desired pattern of ran 
re^ments in square formation is always possible if n is either 
doubly even, that is, an even number exactly divisible by foi 
4, 8, 12, etc. But he ran into serious difficulties when n haj 
to be singly even, that is, an even number cot divisiWe by 4, 
of the Czarist courtier’s problem. Try as he might, be cou 
make the problem come out right. There was no way of ma 
Graeco-Latin sq uarc of 6 rows and 6 columns. 

After extensive trials, he ventured to guess: “I do not b 
to conclude that it is impossible to produce any complete Gi 
l.atin square of 6 x 6=^36 cells, and the same impossibility « 

to the eases of squares of 10, 14 and in general to all singl) 

n mber of rows and columns." It is this famous coajecturt 
Bose and his collaborators, Shrikhande and Parker, have ret 
proved wrong. 

To apptedate the significance of their contribution Jt is nece: 



to recall that, before Bose thought of applying the se/ninal ideas of 
his earlier work on "group theory”, Galois fields, "balanced incom- 
plete design” and "finite geometries” to Euler’s problem, all that 
could be done with it was to write each and every one of the possible 
square arrangements to sec whether or not it complied with the 
desired specification. Even in the simplest case of n=2, such a 
procedure entails an examination of at least 24 squares before one 
can conclude that no 2 x 2 Graeco-Latin square is possible. For the 
next case, n=3 the number of squares to be enumerated rises 
to 3,62,882. 

With increasing n, the number of squares to be examined grows 
so fast that it was not till 1501 that a persevering French mathema- 
tician, G. Tarry, completed the task of exhaustively enumerating 
all the possible squares of side 6 to prove that Euler’s guess for this 
case at least was indeed true. But, when it came to an examination 
of squares of side 10, 14, 18, etc., the labour involved m this type of 
proof by enumeration soared far beyond the range of not merely 
papcr-and'pcocil trial, but also of even present-day digital computers. 

For example, a recent estimate by Ptomkin showed that not even 
the present estimated age of the universe— a few billion years— would 
suffice for our fastest electronic computers to run throu^ all possible 
atrangements of the symbols of 10 x IQ Latin squares, aeatly, 
therefore, no headway could be made towards a solution of the 
problem in this manner. 

But what, one may enquire, lured Bose into Euler’s cold recrea- 
tional exercise of sonse two centuries ago when he is known to like 
his statistics as piping hot as Lenin his politics or Loyola his relipon? 
The answer is that the topic of Latin and Craeco-Latio squares was 
warmed into incandescence during the 'twenties, when Bose was still 
at college, by the celebrated statist] cian-gcnctidst. Sir Itonald Fisher, 
Sir Ronald showed how the theory of Latin and Gracco-Latio 
squares could be utilised to resolve one very serious difficulty inher- 
ent in experiments pertaining to agriculture, biology, medidne, 
sodology and the allied sdeuces. 

The difficulty arises because their outcome is a tangle of inter- 
actions of several possible factors of which we seldom have any prior 
knowledge, so that the usual technique of physical laboratories of 
varying them one at a time cannot be apph'ed. Consider, for instance. 
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the M^e pf an f^perinenl dctJpneJ to compare the rclatoe 
of three difTerenl pf nhcat Seedt. If»e*<yw ihoc three o« 
fift Jet ut caJI them a, h, r—in three adjaeertt plott ef cqtnl ji/e.th 
>teld may i»tll h»c irflueoceJ hy dilTcrencee In fertlhlj ef the aifaecr- 
ploft. Oneway of oierconinp ihcdifTfCufly it to luWitWellieo 
lire experimental area into 3x3 compact plott, formed into 3 m*- 
oml 3 column*, inttead of only three plott in a row. 

At we MW, nc could Bttipn three varieties, e, b, c, to the ce-"-’ 
of tuch 3 3x3 square in some nineteen Ihoutand-odd dirTcreotwjs- 
Rut of these only 12 Latin square nminjrements ensure equal lepre* 
sen tat ion to all the three tariclics in every row and column. Some 
one of these 12 xva)-s of sowinp the varieties selected at nndontas. 
therefore, to be adopted in order to secure equal appearawr ol 
all the varieties in all the rows and columns, and thus to elinunats 
any likely bias owin^ to fertility gradients along rows or colon®* 
or both. 

If, on the other hand, wr hast to reckon with yet another ctnn- 
plication. as is the case when we wish to test simoltaneoosly 
yield of these three types of swds in conjunction srith the appli^ 
tion of three dincrent kinds of fertilisers, say, cCj P, y. we may 
the nine possible pairs of combinations of varieties and fertilisers » 
the nmc cells of our 3x3 squares, aocorxling to the Graeco-Latm 
arrangcmenL This artlGcc ensures that each of the nine comb^ 
tions in question is equally represented, since each pair, like ox, tp, 
ay, etc., appears once, and only once. Thus both Latin and Grac^ 
Latin squares prosidc excellent designs for rationally planmns 
agricultural experiments of certain types. 

But varieties of seeds and fertflisers arc by no means the oi^ 
factors that the design of agricultural c.xperiments has to take »a i 
stride. The quantitatise lewis at which the various fertiliseis may 
applied is yet another. Even when each fertiliser is tried 
two Icx’els, the number of possible combinations to be tested in- 
creases enormously. . . 

Suppose, for example, we wish to test the efficacy of a 
treatment at only two lesxls— a large dose or a smaD one. ^ 
we should need two plots of land to make esxn a single trial of tw 
experiment. With two alternative manurial treatments, 
again applicable at two levels, we should require 2 X2»4 plots, wa 
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fivc<liircrent manures, the number of test plots required swells to 
2X2X2X2X2=2*=»32, 

But the number of possible combinations increases much more 
rapidly when we consider a large number of competing treatments 
acting at more than two levels. Thus with four difTcrent treatments 
at three different levels of application— say, a largCt mediura or small 
dose— there have to be 3x3x3x3=3« or 81 yields, even if each 
comparison is tried only once. Since physical considerations alone, 
if not limitation of resources, may make the layout of an experiment 
on such a scale impossible, it is necessary to devise ways of bypassing 
the inBalionary spiral that even a limited diversity of treatments, 
each applicable at several levels, can let loose. 

Of the several ways invented by statisticians to curb the inflation 
of combinatorial possibilities, the most important arc basically of 
three kinds. Bose has employed all the ravtff'r faire of a giflcd 
mathematician of great power to develop all the three. First, in colla- 
boration with Kishen, he showed how some of the most sophisticated 
ideas of modern algebra and projective geometry could be utilised to 
evolve what statisticians call "confounded” designs. These designs 
arc not intended to confound their users, as the name might seem to 
suggest. They arc essentially technical devices prescribing procedures 
whereby the size or layout of an agricultural experiment may be 
significantly reduced by deliberately "confounding” (to use the word 
in its original etymological meaning of "mixing up”) some of the 
factors at play that might othetwist have been kept apart if we had 
the resources to alTord the segregation. 

Such “confounding” no doubt does lead to some loss of informa- 
tion with regard to comparisons between the "confounded” 
factors. But the loss is not material if the experimenter knows in 
advance, on technical or other grounds, that the contrasts proposed 
to bn sacrificed arc either quantitatively negligible, or ate such that 
their knowledge is of no immediate use even if he had it. 

In eases where "confounding" is out of bounds because the 
double, triple and higher-order interactions between the factors at 
work do not exist, tlic experimenter has to resort to the second 
artifice of what arc called bahneed block designs. Such, for instance, 
is the ease with testing a number of different varieties of seeds. The 
sole point of the experiment here lies in a comparison of the relative 
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yields of varieties sown singly, and not in pairs or triplets, as may b 
the ease when testing diOerent manures. 

Suppose we have to test any number of different varieties o 
seeds. At the very least, we have to sow them in as many plots tc 
allow each variety a single representation. In the event, all we car 
do is to derive mutual differences between the yields of any twe 
varieties. But we can never know how far these differences arc 
innate, and how far a matter of individual soil differences from pW 
to plot- If we arc to isolate the intrinsic differences from those 
of other factors like fertility variations, we must allow the faclori 
which give rise to them a chance to v’ary. We do so by repheat^g 
the experiment — that is, by repealing it in the same form, but with 
a different permutation of varieties in the plots. The replications^ 
however, have to be balanced to avoid undue multiplication o 


The idea underlying balanced replications is twofold. In ^ 
first place, we arrange each replication in a predetermined number o 
blocks, each with the same number of plots. Secondly, 
the varieties in each replication to the individual plots of the *>« 
as to secure every possible contrast between pain of varieties n" 
equal representation in the blocks with minimal repbea m • • 
Thus, to test, say, four varieties 
of seeds, a, b, c, d, we may sow 
them in two blocks of two plots 
each, as in Rg. VII. 

In this trial, variety a appears 
in conjunction with variety b in 


Block I 

d 

Jb 

Block E 

c 

d 


rig. vn 


Block I, and variety c in conjunction with variety d in Block If. ^ 
the other two possible contrasts iavolvi.ng a, r/e., a rerfut e, ^ 
t<T«j d, cannot occur in the Jorne block if we confine the 
taenl to this lingte rcpUcatbn- To give them a place in the 
mental setup, we hasie to undertake at least two ‘'jj, 

lions with a different permutation of varieties In cnch 
rigs. YIl! and IX, Such a set of triple rcplkaiioni, each lri<^ ^ 
two blocks of two plow iibijJjncrJ in that every variety, *’'f “ ‘ 

is natebed nrea!]/ frequently with the retsaining three m the 
block of cae or ctfacr of the three replica tj 001. 
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Block JV< 

1 d 

Blockif. 
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X c 

Block! 1 

3 d 


la tto insUace, each, repltcatioa consists of the sanic number 
(2) of blocks. U is, however, not alw-ays possible to secure such 
a complete balance as in this rather trivial instance merely contrived 
to illastiaic the idea. Tbe number of varieties to be tested is usually 
not SO accommodating as to allow llie same number of blocks in 
every wplicarioo. Thus, voth seven varieties under test in blocks 
of three plots each, we have to be content with nree replications, 
each consisring of two blocks, and the fourth rcpUcation has per- 
force to consist of a single block, because 7 is not divisible by 3. 
Such a deagn, too, is balanced in the sense that it provides equal 
opportunity to all pairs of coatrasts in the same block, but is incom- 
plete, since one rcplicatwn has to make do with lesser blocks than the 
other three. 

Finally, when the number of factors at play is so large as to 
preclude even one complete trial or replication, as, for instance, 
might well be the case in an experiment with ten factors each acting 
at two levels requiting as many as 2*“= 1,024 plots — statisticians 
resort to partial or fractional replication. That U to say, instead, of 
allowing each possible combination of factors a place in the experi- 
mentat set-up, some arc onutted altogether, 

Finney was the first to develop the theory of such fractionally 
replicated designs to provide a rational basis for the pick-and-choosc 
inevitable in experiments threatened with a plethora of casual factors. 
Bose showed that the self-same ideas of modem algebra and pro- 
jective geometry he had employed earlier arc the umbilical cord 
linking Finney’s theory of partial replication and hb own of balanced 
incomplete designs. 

One consequence of the dbeovery of thb genetic link between 
the two was a revolutionary innovation in communication theory. 
It has since been used to effect a major improvement in sending 
messages on what are known in the U.S.A. as “toll-grade” tele- 
phone circuits. 
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AU communication systems nrc a rennement of the telegraph* 
signaller t practice invented by Marooni whereby he translated eVety 
message before its transmission into a sequence of two symbols— a 
dash and a dot — accordiog to a predetermined code. But, owing to 
the presence of what communication engineers call “noise”, a parti- 
cular symbol which is transmitted, say, as a dash may sometimes 
be rcttived ns a dot, or vice versa. When this happens, the message 
is said to be in error. 

With ordinary transmission rates of 1,500 to 2,000 dasbes/dots 
a second over toll-grade lines, an error normally occurs about once 
a minute, or once in every transmission ofabout 100,000 dashes/dots. 
Under the new system that Bose devised by recourse to the abstract 
ideas of group theory and projective geometry which he had applied 
to “balanced”, “confounded” and ‘'partially replicated” designs, 
an error would occur as rarely as once every 300 years. This is why 
his design has been avidly seized upon by the Lincoln Laborafoty 
at Massachusetts Institute of Technology in Cambridge, Massa- 
chusetts. 

Bose's unification of such a wide diversity of fields stems from 
the immense power of the geometric “point”, which, starting from its 
lowly textbook beginnings as a disembodied dot having a “posi- 
tion but no magnitude”, has grown info a giant, a veritable Atlas, 
that now supports the entire mathematical world. It osves this 
gargantuan growth to the fact that a “point” in some imaginary 
space of a mathematician’s imagination can be made to represent 
almost any measurable thing, from the dynamical state of a system of 
moving particles to that of Ford’s business administration. 

By representing the former as a point in a multi-dimensional 
space of a mathematician’s making, Hamilton, Jacobi, Gibbs and 
others virtually turned dynamics into geometry of hypcrsp3c«- 
Fisher followed in their wake by daring to represent samples selected 
at random from a given population as points in such abstract space* 
of many dimensions. 

When Mahalanobis learnt of Fisher’s great advance in sampling 
theory by the geometric approach, he, the great connoisseur m 
statistical talent that he has always been, drove one evening in 1”- 
to Bose’s doorstep to offer him a part-time research appotn** 
ment in his ncwlycrcated Statistical Institute in order to apply 
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Ecomrtn' to solve many sampling problems that awited solu- 
tion despite Fisher’s amazing brcaWbion^ MahalancArs mads the 

otter he had also found out that Bose was the only research- 

er in the country who could bend Fisher’s bow. For Bose had 
already made his mark in multi-dimensional gcomciry with his 
discovery of a tematkablc theorem that has now passed into geo- 
metry textbooks as the Bosc-Blaschkc theorem. He has since over- 
folhlled Mahalanobis’s amietpations, as he has reduced the whole 
gamut of statistical problems from balanced designs to error-cor- 
recting codes to a geometrical problem of astotiishing sweep, versa- 
taUy and power. 

Bose calls it the “packing" problem because all the problems 
uhich it subsumes amount to packing or finding the maximum 
number of distinct points in a finite abstract space, so that no pre- 
asslgncd number, say, n, of them arc “dependent". For example 
if tt is three, no three of them should be on the same straight line, 
as othetuisc only two of them would detemune the line on. which 
the third also lies, and they would not be independent of one another. 

If Bis four, no four of them should lie on a plane, to ensure their 
independence, and so on. 

Despite the ullimate redemption of his early promise, Bose 
hesitated to accept Mahalanobis's offer because, quite innocent of 
aatkties at llw time, he feared getting into a field where he might 
be out of his dqith. The hesitation speaks volumes for his inte- 
grity, as he could not be persuaded to take a job unless he was sure 
that he could handle it successfully, csen though at the lime he was 
badly in need of any extra remuneration that could come his way. 
For be had still not emerged from the gruelling struggle for live- 
hhood that he had to wage since his early boyhood. Having been 
stranded as an orphan by the early death of hii parents. Bose 
just about managed to acquire college educaiion hwusc of the 
KhoUr^ips that he won by dmt of his bnltiance. 

U is an ill wind that Wows no one any good ; but Bose’s was 
malignant because it was more exacting. Despite its periodic 
threats to blow out his nascent academic carter, it did oblige him to 
acquire quite a considerable knowledge of almost all branches of 
matb^tics. He had to study applied mathematics for his M.A. 
txammaliou, as the Delhi University that had granted him a scholar- 
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ship had at the lime no arrangement for leaching pure mathematics 
for which he had a great passion ever since his school days. 

It was to satisfy this urge to learn pure mathematics that he 
migrated from Delhi to Calcutta almost penniless, and was saved 
from starvation in those dismal days of depression, the late ’twenties 
only by the generosity of some benefactors till he was able to rescue 
himself by securing a batch of M,A. students to coach. In the result, 
he bad to master all branches of the subject to be able to teach everj 
possible choice that his wards liked to offer. He had once even 
to dabble in statistics to be able to coach a student. 

It was the smattering of statistics that he had thus imbibed which 
persuaded Bose to accept Mahalanobis’s offer. Since that fateful 
day of his decision up to the year 1949, when he migrated to 
Carolina, he remained the acknowledged group leader of a powerful 
research school of the Statistical Institute whose work has justly 
won international acclaim. 

After his departure abroad, he has pursued statistical researc 
svith even greater vigour. His later work on balanced incomp e ^ 
designs, coding, “packing” and Euler’s problems, particularly t e 
latter, has put him in one giant stride alongside the great mat e- 
maticians of today. . . 

If despite his loyalty to our cultural heritage he was persua^a 
to break loose from his old moorings, it was by the greater ^ 
sional freedom, opportunity and even outright indulgence 
American universities more than any other in the world ' 
That Bose should have chosen to depart so soon alter our P® ' 
Independence scientific boom got under way is inderf a na to 
loss. But it may yet be redeemed, in part at any rate, if the sap 
of combinatorial mathematics that he has now brought 
Carolina for transplantation in our midst, in his old Alma / ^ • 
the Statistical Institute, are nurtured to blossom and bloom / 
erstwhile pupils and colleagues. 
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ship had at the lime no arrangemnit for tcachiog pure mathemtics 
for tthich he had a great passion ever since his school days. 

It was lo salhry this urge to /cam pure mafhcinaffca that bs 
migrated from Delhi to Calcutta almost penniless, and was saved 
from starsation in those disnu) days of depression, the late ’twenties, 
only by the generosity of some benefactors till he was able lo rescoe 
himscirby securing a batch of Mj\. students to coach. In the result, 
he had to master all branches of the subject to be able to teach erny 
possible choice that his svards liked to offer. He had once cvsi 
to dabble in statistics to be able to coach a student. 

It was the smattering of Statistics that he had thus imbibed which 
persuaded Bose lo accept Mafialanobis's ofler. Since that fateful 
day of his decision up to the year 1949, when be migrated to North 
Carolina, he remained the acknowledged group leader of a powerful 
research school of the Statistical Institute whose work has justly 
won inlemattonal acclaim. 

After his departure abroad, be has pursued statistical research 
with even greater vigour. His later work on balanced incomplete 
designs, coding, “packing” and Euler’s problems, particularly the 
latter, has put him in one giant stride alongside the great raathr- 
maticians of today. 

If despite his loyalty to our cultural heritage he was persuaded 
to break loose from his old moorings, it was by the greater profes- 
sional freedom, opportunity and even outright indulgence that 
American unis’ersities more than any other in the world provide- 
That Bose should have chosen to depart so soon after our own post- 
Independence scientific boom got under way is indeed a national 
loss. But it may yet be redeemed, in part at any rate, if tbs saplings 
of combinatorial mathematics that he has now brought from North 
Carolina for transplantation in our midst, in his old Alma Mater, 
the Statistical Institute, arc nurtured to blossom and bloom by bis 
erstwhile pupils and colleagues. 
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S N, ROSn is ihc only pliysicist whose name is indissolubly 
• linked with Einstein in all the textbooks of physics. Ttisb 
because he hit on a brilliant artifice whose toIuc Einstein immediately 
recognised and proclaimed to the scientific world with all the prestige 
of his great name. 

Id retrospect, it is now clear that even Einstein could not fore- 
see the full power and applicational range of Bose’s idea. For Bose’s 
work, along with its subsequent development by Fermi, provides 
the basis for dividing all the elementary particles of the newer nuclear 
physics into two neat categories — the bosom after Bose and the 
fermions after Fermi. What manner of svork is this that was des- 
tined to have so momentous a consequence ? 

It is simply an amendment whereby the earlier statistical t«h- 
niques devised by Maxwell and Boltzmann to study the behaWour 
of crowds of molecules could also be applied to those of photons 
and electrons. (A photon, b> the way, is a light beam wlwn it 
behaves as a fusillade of minute bullets rather than as a miniature 
radio w-avc.) These statistical techniques had to be ins’cntcd 
cause, when we consider an ensemble of myriads of molecules o , 
say, a gas in a chamber, it Is impossible to handle the welter o 
calculations of their individual motions in any other way. 
and Boltzmann, therefore, endeavoured to grasp the motion J 
entire assembly of molecules at one blow by a statistical study oI 
the whole group — as, for Instance, by computing its average energy 
and identifying it with the measure of gaseous temperature. 

The method did succeed in yielding laws of gaseous behaviour 
which showed themselves as statistical rt^ularitics underlying the 
hurly-burly of large throngs of molecules in random ■ 

ly as an actuarial approach precipitates the randonmess of in »vi 
deaths into the quasi-certainty of a mortality table. „ 

ihcreforc, it was tried on aggregates of more o 
particles — such as photons and electrons — which were begianmo 
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be ftttWv disced etctl during the fint decude of Iht 20di century. 
But the trial vas a failure as it led to results contrary to cipcrimcntal 
obsenaiion. Bose detected the flaw’ responsible for the discrepancy 
and showed that the Maxwell- Boltzmann method had to be amended 
in an important svay to dcris e the correct radiation law nosv 
Ujown as the ‘'Bose-Einstcin” statistics. The essence of Bose's 
amendment is that no distinction can be made between the indiridiial 
photons, as Maxwell and Boltzmann had done in the case of gas 
moltculcs. 

The point is best explained in terms of an analogy. Suppose 
We have three guests. A, B, and C, and tsvo rooms in which to 
accommodate them. The total number of distinct ways in svhich they 
could accommodate thcmscls'cs can easily be seen to be eight. For 
each one of the three guests could be in one or other of the two 
rooms. Room I or Room TI. To each guest there thus correspond 
two distinct ways of accommodation. But, as no anti-crowding law 
forbids two or more guests from occupying the same room, each 
of these two ways for three guests can be combined independently 
to yield in all 2x 2x 2=8 different ways of accornmodating the three 
guests, as enumerated in the table below : 

Room I Kd A B C AB BC CA ABC 

Room II ABC BC CA AB C A B NU 

Now, if the accommodation process occurred randomly, it 
Would be natural to assume that each of these eight distinct ways 
was equally probable a priori. Consequently, tbc probability of 
Room 1 being occupied by one guest (A or B or C) would be thrice 
us great as of its remaining vacant. But, if the three guests A, B, 
and C happened llVc identical twins to ba indistinguishable, the three 
distinct ways in which Room I is occupied by one guest (either A 
or B or Q coalesce into one. It is easy to sec from the table above 
that the number of distinct ways of occupation under the new 
assumption of indisdnguishability of the guests reduces to only 
four, instead of eight, as shown in the table below : 

Room I Nil A AA AAA 

Roomll AAA AA A Nil 

If the accommodation process occurred randomly as before, 
the probability of Room I being occupied by one guest would now 
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be fmWy disco^c^cdtIurins the first decade of the 20lli century. 
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be natural to assume that each of these eight distinct ways 
23 eq^y probable a priori. Consequently, the probability of 
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that h! ^ 000- is easy to sec from the table above 

I the number of distinct ways of occupation under the new 
rampijon of indistinguishability of the guests reduces to only 
•our, instead of eight, as shown in the table below ; 


Room I Nil A AA AAA 

Room 11 AAA AA A Nil 


the “‘*o®'«odation process occurred randomly as before, 
tbo probabUity of Room I being occupied by one guest would now 
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be the same as that of its occupation by none, instead of being thnce 
as much under the earlier assumption of their distiagaisbability. 

Now the MaxvreU-BoItzmann statistical technique is essen- 
tially a calculation of the number of ways of assigning the various 
gas molecules (guests) to different cells (rooms) in space, e'W 
though this is no ordinary space, but an abstract one of a esath^ 
matidan's imaginatioiE When allowance is made for the b»u 
uidistmguishabiJity of photons and electrons in contra^tiaction 
to the distingidshability of the gas molecules, the result is the cew 
statistics of Bose and Einstein which, when applied to light photon*, 
yields the correct radiation law. , 

Further, if the guests had to obsenT in addition an ' 

ing regulation — such as Pauli’s principle prescribes for parTOCsI. c 
electrons (though not for photons)— the result is what is call 
Fermi-Dirac statistics. There arc thus only two statistical 
that assemblies of elementary particles seem to foUow, 
basis for their present-day division Into two categories— the toso 
and the /enrJonj. . . « 

If Bose preceded Einstein in his discovery of the * new • 

he has, in subsequent years, followed him in his rescarchci on » 
is known as the uaifed field theory. This theory i* the 
cf one of the two grand theme* prominent in the history of icw 
since intiqoijy. There are at bottom only two ' 

according to an ancient wcO-undentood distinction, f* , , 
fonns— the continuous, like water in a stream, or the discre . 
the pebbles on its banks. ...uril 

Owing to the polar anrithesii of these two ^ . , , 
that science should attempt to esplain visual discrete o ^ jj, 

cf an b visible eoctinaam. or. conversely, the 5^ ' .. 

terra of bdivisible d.screte objects. Xenophanes i 
Aiiitetle** aU-perrajive “lubsunce” cartesuis pleou^ js'i 

ether are cases is pobi of the former tendency, while ^ 
atoms ia the void aai present-day ojcbar parwetm . 

seeks to expixa a3 emteraJ activinr^agwrst a s-njt- P 
—-Ciai cf a ccetinuotti *^m-ied field”. »neiot- 

Si’Tnsi.tg as U taay seem, the ficU theory _ frir.f*' 

tswrd t!ic theory cf the discrete caassc*. « ^ 
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tional Torecs between them already known to Kepler and others 
in the 16th century. Ne\Mon discovered their mathematical form, 
the famous in\-crs«^ua« law of attraction, which succeeded in 
explaining (he motion of the planets in the sky as well as that of 
apples in orchards. But this success did nothing to rid the embar- 
rassment felt at the apparent necessity of admitting a mystical action- 
at-distance which somehow propagated itself instantaneously across 
the void of space. Newton refused to commit himself as to its nature 
wth his famous dictum : “I frame no hypotheses” {"hypotheses 

ran /jjjjo”). 

Consequently, during the 1 9th century, a movement tentatively 
developing the idea that properties of continuous space may some- 
how be determined by its material content of stars, and gala- 
xies began to grow. Gauss, Riemann and others devised the 
basic mathematical tools which enabled Einstein to make the next 
major advance since Newton whereby the local properties of both 
space and time were shown to be the direct consequence of the 
existence of nearby matter, which properties in turn determined the 
motions of that matter. He thus showed that the law of universal 
gravitation, though in a slightly modified form, was a consequence 
of the very stturture of space in which the gravitating masses were 
embedded. 

I cannot go into the details of this extremely complex expla- 
nation here. SufQce it to say that it is a sophistication of the idea 
that it is impossible to distinguish between a gravitational field and 
acceleration. For, thanks to the progress of aviation and space 
TOcnce, this impossibility nowadays is nothing very strange. It shows 
itself daily in such reports as "the pilot weighs half a ton as he 
pulls his plane out of a power dive”, or “the cosmonaut remains in 
a state of weightlessness for a while as he descends freely to earth”. 

Knsicin'B sophistication of this equivalence of gravity and ac- 
ttlcratioa was accepted despite the complicated mathematical garb 
It wore because it predicted three crucial astrophysical phenomena 
that were later experimentally verified. This success spurred him 
and his followers on to take the next step forward by trying to in- 
clude the electromagnetic phenomena also within the ambit of its 
x^cp. exactly as he had absorbed gravitational field into “space- 
time” in i^s genexal theory of telatmty. The programme seemed 
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reasonable as Coulomb’s law of electrostatic attraction bct«'cca 
discrete electric cliargcs followed ihe same pattcra as that of New- 
ton's gravitation law of discrete masses. 

Accordingly, from 1916, Einstein remained largely busy settin* 
up an all-tflclustvc explanation of energy in all sdcnti/ic phenomen; 
including those of electric, magnetic and gravitational fields. Ui 
fortunately, the final outcome, as published in 1953 just before hi 
death, did not find support among the leading physicists becaus 
the new umllcd field theory could not specify any crucial experi 
mental tests of its validity, such as the three that proved the carlie 
formulation incorporating gravitation alone. On the other hand 
recent discoveries in nuclear physics have revealed a new type ol 
force — the so-called “exchange” force between electrons and phO' 
tons, on the one hand, and atomic nuclei, on the other. It is from 
this force that all other forces, whether gravitational, clectromagnt- 
tic or chemical, seem to arise. The pendulum has thus now swung 
rapidly from the “field” pole to the "discrete”. 

That Bose should have taken to the field theory long after this 
swing may seem surprising. But, truth to tell, he was attracted 
quite early by the "lo^caV’ simplicity and “aesthetic” elegance of 
its underlying idea, as well as by the opportunity the field theory 
offers a mathematician of great power to show his mettle. For 
Bose, who is really a first-class mathematidan fay initial tcawmg 
and for whom physics is often a peg to hang Ws mathciaatical 
mantle on, can fall an easy prey to the seductions of difficult math^ 
matics for its own dear sake. However, he forbore to pubfch his 
early work on field theory because it did not win Einsteins 
approval. . 

Not that Bose lacked the courage to go it alone. He had p^ 
lished before this his subsequent paper on “statistics” in the 
of Einstein’s objections even though the famous physicist had 
his _first as a masterly advance. The field theory, on the othcr^^ 
was the great master’s own preserve where Bose, for some o 
reason, felt like an unwanted interloper. He, therefore, c 


severely alone for a long time. 

Years later, when Einstein had 
trying to solve the field equalions, 
solved the equations of connection. 


exhausted all bis ingenuity In 
Bose returned to the subject, 
the first part of field theory, 
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scientific prose. But it is indeed remarkable that be should 
equally at home in German and French, and that, too, dnrins 1 
early student days. 

It was, in fact, this early fadlity with French that prompt 
him to approach Madame Curie in 1926 for permission to wo: 
in her laboratory in Paris. Although unknown to Bose she reco 
nised his genius because of his classical work on “statistics”, si 
could not beljcs'c that he knew French so wefL Unhappy wit 
her cxpenence of another Indian innocent of French who had bee 
admitted earlier in her laboratory, the grand old garrulous lid 
harangued Bo$e for so long on the need to learn French befor 
joining the laboratory that poor Bose's intended reply, “1/tfir m 
Madame, je comprends francais aisez bien" (“Oh jes. Madam, 
know French pretty wcU”) froze on the tip of his tongue. 

Perhaps young Bose allowed the freeze to occur because of tN 
excuse it offered him to sample the gay Parisian life for a few months, 
BBcncumbcrcd by any specific obligations sase that of free-lance 
research. Howeser, when he did return to Madame Curie, he 
amazed her with his dexterity in mating certain very difficult measure* 
ments of what is known as piezoelectric cfiTcct— a property exhibited 
by suitably shaped pieces of quartz imder the influence of an aJ- 
temating current field. 

This effect, by the way, has manifold indusinal uses, such ai 
regulation of cfocki to a pitch of precision whereby they lose of gam 
barely a second >n a j car. I specially mention it here as. outside the 
narrow circle of his own erstwhile research scholars whose experi- 
recntal work in X-raji and crystallography he has directed and efien 
directly inspired, Bose’s skill as an cxpenmcnfalist is not so wrU 
known as are his talents as a theoretical phjsiciiL Nescilhelesi, 
tfus IS so great that, but for faiJjngejesighf.fcecoufditiW, whi**''*'!-'' 
scseT.lies, run a fiir-sued physical bboratory iinglc-ha nded, exce;H 
for a rsetf-jsjcoz two— as he artuaJly did Dausilhcr’s for a whi'f. 
oserfoety years ago. 

Nor IS this cxpetimenta! jngenu.ty of Bose confined to phjs^'S 
adoae. lie coclj he equa'ly at home ia a chemical bhoratory. 
fiat, m one of bit i.“‘■‘p(r^d moments, be hit on as efegmf 
procrsi of tjr>,*ien<*g •.th the mteraal sfrvcTure of M sefphonami-e 
r5s'’.ec Jie j jit to the precise extent of tarnsttg rt into a useful 
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maccuticaJ compound— now used widely os eye-drops nod marketed 
by a wclJ-Vnown Calcutta firm. 

If Bose could lake in his stride all this manifold activity, it is 
because he is a close pack of perspicuity and intelleaual power. 
Indeed, he could have advanced mathcniatical physics much farther 
than he actually did — although (heaven knows!) he did advance 
It far enough to win him a solid international reputation. If this 
was not greater, the reason is that, while the intellectual power in 
Bose’s pack is versatile, the perspicuity is almost all discerning. Both 
these gifts have had for him the handicap of a mild Midas touch. 
Because his versatility enabled him to pick on, say, soil science and 
biology as readily as on mathematics and physics, he has. over the 
years, listened to the sirens of his sidelines without first tying 
himself firmly to the bark of mathematical physics. Because of his 
incisive discernment that saw through the vanity of life and its 
ephemeral transitoriness, he early lacked the spur of even tefentiyic 
ambition that has lashed many inflamed genii into prodigies of 
concentrated effort in some one particular direction. As a result, 
Bose’s motto through life has been that of Jaques m .ts Vou Like it : 
ll7io dij/fc ambit Ion than 
And loves to Use /* the sun. 

Seeking the food he cats. 

And pleas'd nilh nhat he gets. 

Bat. again like Jaqaes, he has all along claimed the right to 
..oj /urge a charter as the wind, 

JY> fi/tnv f>n w/inni ) please. 

1 have already noted some of the several directions in which it 
has pleased Bose’s wild west wind to blow. But one such direction 
in which It has blown more consistently than any other and which 
deserves pride of place is science popularisation. This is because 
in a newly independent but industrially ondcr-devcloped country 
determined to talc off at once in full industrial flight, there is every 
danger of leadership in scientific research falling into the hands of 
what C P. Snow has called **i!ide.nitc** scientists, Bose bclicv'cs 
that there is no real safeguard against such a contingency uve wide- 
tprrad popularisation of science on a scale such at the Rutsbnv have 
managed to achieve already. This is why he founded a Bengali 
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maceotical compound — now used widely as eye-drops and marlteted 
by a well-known Calcutta firm. 

If Bose could take in his stride all this manifold activity, it is 
because he is a close pack of perspicuity and intellectual power. 
Indeed, he could have advanced mathematical physics much farther 
than he actually did —although (heaven knows!) he did advance 
it far enough to win him a solid international reputation. If this 
was not greater, the reason is that, while the intellectual power in 
Bose’s pack is versatile, the perspicuity is almost all discerning. Both 
these gifts have had for him the handicap of a mild Midas touch. 
Because his versatility enabled him to pick on, say, sot! science and 
biology as readily as on mathematics and physics, he has, over the 
years, listened to the sirens of hiS sidelines without first tying 
himself firmly to the bark of mathematical physics. Because of his 
incisive discernment that saw through the vanity of life and its 
ephemeral transitonness, he early beked the spur of even scientific 
ambition that has bshed many inflamed genii into prodigies of 
concentrated effort in some one particular direction. As a result, 
Bose’s motto through life has been that of Jaques in As You UHc It : 
Il7«i daik amhldait shun 
And fuvcj to {he f the sun. 

Seeking the food be eats. 

And pleas'd wfih what he gefJ. 

But. again like Jaques, he has all along claimed the right to 
..as large a charter as the nfnJ, 

Tit Hate on it horn t please. 

[ have already noted tome of the several directions in which it 
bat pleased Bote’s wild w^t wind to blow. But one such direction 
in which It bat blown more contistcntly than any other and which 
deserves pride of place is science popuhrisajion. This is because 
in a newly independent but industrially under-developed country 
determined to take off at once in full industrial flight. Ihere is every 
danger of leadership in scientific research falling into the hands of 
what C. P. Snow has called '"slide-rule" scientists. Bote believes 
that there is no real safeguard against such a contingency save wide- 
spread popularisation of Kience cn a scale such as the Russians have 
nanagtd to achieve already. This is why he founded a Bengali 
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scientific prose. But it is indeed remarkable that he should 
equally at home in German and French, and that, loo, during I: 
early student days. 

It was, in fact, this early facility nith French that prorapli 
him to approach Madame Curie in 1926 for permission to woi 
in her laboratory in Paris. Although unknown to Bose she lecoj 
nised his genius because of his classical wort on “statistics”, st 
could not believe that he knew French so well. Unhappy wit 
her experience of another Indian innocent of French who had bee 
admitted earlier in her laboratory, the grand old garrulous bd; 
harangued Bose for so long on the need to leam French befon 
joining the laboratory that poor Bose’s intended reply, “.Vnir oui 
Madame, je comprends fraitcais asse: bien" (“Oh yes. Madam, 1 
know French pretty well”) froze on the tip of his tongue. 

Perhaps young Bose allowed the freeze to occur because of lfc« 
excuse it offered him to sample the gay Parisian life for a few months, 
unencumbered by any specific obligations save that of frec-bncc 
research. Howes'cr, when he did return to Madame Curie, he 
amazed her with his dexterity in making certain very difficult measure* 
ments of what is known as piezoelectric effect— a property exhihited 
by suitably shaped pieces of quartz under the influence of an al- 
ternating current field. 

This effect, by the way, has manifold industrial uses, such as 
regulation of clocks to a pitch of predsion whereby they lose or gain 
barely a second in a year. 1 specially mention it here as. outside the 
narrow circle of his own erstwhile research scholars whose experi- 
mental work in X-rays and crystallography he has directed and often 
directly inspired, Bose's skill as an experimentalist is not so well 
known as are his talents as a iheoreiical physicist, Nocrtbelesi, 
this is so great that, but for failing ejesight, he could still, m bis early 
sesTnlics. run a fair-sized physical bboratory single-handed, except 
for a mechanic or two— as be actually did DauvilJier’s for a while, 
os«fcwty years ago. . 

Nor is this experimental mgenudy or Bose confined to phjsict 
alone. He could be equally at home in a chemical laboratory. Is 
fact la one of bis inspired moments, he bit on an elegant chemical 
rows of tamperins with the infernal structure of a sulpbonarride 
^ olecule just to the precise csiect of turning it into a useful ghat- 
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maccutical compound— now used widely as eye*drops and marketed 
by A weD-known Calcutta fim. 

If Bose could take in his stride all this manifold activity, it is 
because he is a close pack of perspicuity and intellectual power. 
Indeed, he could have advanced mathematical physics much farther 
than he actually did — although (heaven knows !) he did advance 
it far enough to win him a solid international reputation. If this 
was not greater, the reason is that, while the intellectual power in 
Bose’s pack is versatile, the perspicuity is almost all discerning. Both 
these gifts have had for him the handicap of a mild Midas touch. 
Because his versatility enabled him to pick on, say, soil science and 
biology as readily as on mathematics and physics, he has, over the 
years, listened to the sirens of his sidelines without first tying 
himself firmly to the bark of mathematical physics. Because of his 
incisive discernment that saw through the vanity of life and its 
ephemeral transitoriness, he early lacked the spur of even scientific 
ambition that has lashed many inflamed genii into prodigies of 
concentrated effort in some one particular direction. As a result, 
Bose’s motto through life has been that of Jaques in As You Like It : 
[f7it> doth ambition shun 
And loves to live i' the sun, 

Seeking the food he eats. 

And pleas’d ^^itk tvhett he gets. 

But, again like Jaques, he has all along claimed the right to 
..as large a charter as the ii/nrf, 

To blow on n/io/jt / please. 

I have already noted some of the several directions in which it 
has pleased Bose’s wild west wind to blow. But one such direction 
in which it has blown more consistently than any other and which 
deserves pride of place is science popularisation. This is because 
in a newly independent but industrially under-developed country 
determined to take olT at once in full industrial flight, there is every 
danger of leadership in scientific research falling into the hands of 
ithat C. P. Snow has called “slide-rule” scientists, Bose believes 
hat there is no real safeguard against such a contingency save wide- 
ipread popularisation of science on a scale such as the Kussians have 
nanaged to achieve already. This is why he founded a Bengali 
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scientific journal, Bijnart Parkhaya, to disseminate scientific know- 
ledge among the common people even before Independence. 

Tills is also why he iiould perhaps now agree that this profile 
of his is not wholly a waste of time, as he first thought w hen I moot- 
ed the idea in order to gather some material for it. He seemed to 
me then so as crse to anything that would publicise his name that I 
thought he had resohed to espouse obscurity very much as Sl 
F rancis of Assisi had espoused poverty. It is the strange fate of such 
genu that the more they seek their brides the more their ladies 
tend to elude them. Bose with his bosons will no more be obscure 
than St. Francis of Assisi with his band of Franciscans intent 
on a “moderate” use of earthly goods could be poor. 
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H enry JAMES once rcmaTlcd that, btit for the eiccssjw icttl- 
lectual vivariiy of tnen Me Democritus, Archimedes, GalHeo, 
Newton and other eccentric genii whom the esampk of these 
men has inllamed, the commonsensc ideas derived from cur d^ 
life would have lasted us for ever. Dr, Chandrasekhar iscertamiy 
one of these “inllamed" genii. lie has shown, contrary to 
commoDsense may seem to sugs^i. *J>3t sUn and atoms arc linkrf 
by a close ideological bond, so that knowledge of the one is gnst o 


the other. . 

A case in point is his forecast of the fates of star^ particulany 
in the last throes of their life, by a study of the behaviour of ato^ 
crushed to smithereens. To bring this feat of intellea to pass, c 

had, no doubt, to be inspired by great iconoclasisoffamiliarnouons-- 

men like Eddington, Dirac, Bohr, Bethe. Milne and others. But. 
then, how else can one even conceive of the stars, those eternal ^ 
eternal entities of plain commonsensc, to has’c a varied and even 
life that may one day cease to c.rist ? 

The utmost that our every’day experience of the 
may suggest is that the stars are merely other suns, only inhmiW 
more remote. But it can never divine the source of the wntinu 
discharge of the precious flame they pour out incessantly into sparc. 
Relying on such experience, Lucretius, for example, wrote in 
Nature ofTIiingj : “We must believe that sun. moon and stars enu 
light from fresh and ever fresh supplies rising up. 

How the fresh supplies came into being neither 
any of his scientific successors down to our own day cou 
ever dream. For, before the discovery of nuclear w 

twenty years ago, there were only two known sources 
fire, both of which we use in our homes. One is 
bustion and the other gravitation, that is, the fall of maten 
their own self-attraction. We resort to the former when we 
ourselves by burning coal or gas, but we tap the latter when 
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falling torrent*, liVc Kiajata, into ct«cttic\ty. Neitltet of these 
would enable the sun to shine at it* present rate for more than a 
mere twinlle of it* Known life. 

To laVc the latter first, it can be prosed that, even if the solar 
material contracted from infinity to its present dimensions, the 
total graritational energy released thereby would not last more 
than twenty million years, whereas the sun is Known to have radiated 
energy at its present rate for at least eser since the emergence of life 
on taith, some 500 million years ago. The combustion source has 
esen lesser staying power. If this were all the sun could have, it 
would base been banKrupied in mere millennia. To maKc the sun 
draw its daily sustenance of light from either of them, or esen both 
togelbcT, is worse than setting Baron Munchausen’s bears on 
Sultan's solitary bee for the latter's honey. 

This difliculty about the source of solar energy was not resolved 
till the discos cry of atomic energy, which we arc just beginning to 
tap by elaborate artificial means. But, in the sun and stars, h 
sprouts forth automatically, because, when ordinary matter manages 
to gravitate together in stellar sire, it can remain in equilibrium only 
by developing high temperatures of millions of degites in its interior 
regions in order to acquire the power to withstand the colossal 
weight of overlying byers. At these temperatures, nuclear reactions 
— mainly conversion of hydrogen, the nuclear fuel, into helium with 
release of nuclear energy— begin to occur spontaneously. 

U would thus seem that fire and light lie grovelling in all matter, 
waiting to be kindled by that cosmic incendiary, gravitation, when it 
manages to herd together a sufficient quantity thereof within the 
ambit of its sweep. This is why one may, with greater literal truth 
and less poetic licence, say that, if life and consciousness arc the 
fever of matter, as Thomas Mann once remarked, the stars and 
galaxies are its flame. 

One part of Chandrasekhar’s vast output of work has been 
concerned with charting the course that these stellar and galactic 
flames, once ignited, are destined to follow. He has done so by 
constructing mathematical models based on modem quantum theory 
of the atom to simulate the behaviour patterns of real stars through 
the vicissitudes of their life. For example, he has shown that a star 
like our own sun cannot continue to shine for ever iq its present 
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iteadjrslntc. Sooner or later, a time mu^t come when, with thi 
exhaustion of the supply of nuclear fuel in tts core, fundamenta 
structural changes be^in to occur deep do>vn in iti interior. 

One effect of these changes is the shrinkage of its core with ar 
enormous distension of its outer envelope. Then, as it grows it 
sire, it will begin to swallow the planets, one by one, commendof 
with Niercury and ending svith our own earth or even Mars. II 
so, the Koranic vision of a Doomsday when the sun will grill the 
earth from a distance of a spear and a half might come true unless 
we choose to advance it by some live billion years by the massed 
ignition of a sudicient number of those miniature suns, the H- 
bombs. 

However, the distension again is temporary. For such a distend- 
ed star, with its depleted stocks of nuclear fuel, runs afier a time 
into another scries of cataclysms and crises. The reason, as Chan- 
drasekhar has explained, is that a star is not “like a log which bums 
itself out completely, leaving only ashes or helium in stellar context’'. 
It endeavours to use other materials as substitutes for the exhausted 
stocks of its nuclear fuel (hydrogen) to replenish the energy it 
still continues to radiate. In so doing, further internal upsets, hfc 
the compression of its inner core, begin to occur. 

Chandrasekhar’s study of the final spasms of a star’s life sparked 
by such upsets is now a classic. He has shown in a delightfully 
simple manner that continual compression of the stellar core 
has its limit beyond which it cannot go. When wc comprKS any- 
thing, say, an ordinary gas, wc eventually reach the L’mit of its com- 
pression when its atoms refuse to interpenetrate one another, no 
matter how hard we press them. But what cannot be done on ear^ 
is not too difficult in the interiors of stars. For at pressures and 
temperatures such as prevail there the atoms arc stripped bare o 
their electrons and a good deal of such interpenetration does ta e 
place. 

However, when even the separate identities of individual atomic 
nuclei arc destroyed by further pressure, the nuclei and electron 
are packed cheek by jowl, so that they cannot come any 
Matter in such a state of complete compression is said to be 
nerafe”. Degenerate mat ter, therefore, is the uitimate limit o 
densation. Several tons of it could be packed in a mere ma 
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Kiit. SotJi hjpcrJfnw n*lcml i» ro Menthauvn H('f> Wcfind 
in wvnil »i»n. wfruch iHt wmi consr'cuo'*' »' 

cw-pjnifvft cf 

Ouiir»vcVV.»t hiwS^'iu-n v^jh. »1im coit » »ut 
drft«rf»Jt »iih tinppfJ •ifwr.jc rnxlc* ««il ctfctron^, flti iifhil) 
f s:Vrd iofriSit. tsct* licior* ci'int (rir» plj) . T'hm Torwi iTnpt’naM 
clTcrt it ihji « tjjf Intft iSf p(n<tT lo Mhncr Ihc rrrt'urc and 
ITiMUiitwl Dira^fon »l tit pcTTp^r^y by umpS) adjutlmjt lU 
ndiut unlnt iKc twf happen* to rrmain bcMt* ■ tTflatn iifnitifip 
rtavi. TYiit l,n‘)j ,» j .4 |,mct the mj\t of ibc it»n it. thcrtfoit. 
foTloat ihjt 4 tiar torril'folJ more rut\i*e ihsn the ton hat in 
J»st cmwdrraWc quannitet of mailrr once il hit bumi iti onyinal 
Uetclt ornudeaf fof I to at to hate a cote of minflote lo the Chan- 
dratcVhiT 

Oundratclhar hat thoan ho» tjch a mattrte iiar ‘van Inow 
tn adtiTsce that it facet an rvcntoal debacle long before it can reach 
the nhiie^tiff p«rpator>“. A» tf ''attarc” of Ihc handicap that 
tit jTcal but^ tnlallt in itt rctcnjlnt march lotsardt the final puTfi- 
tofial doom, h bcfint to tirip ittclf of iit etcett matt, ht outer 
entelopc ihtn becomet a Ncttui't thit! c»n o«r Herculean tlar, h 
ttitnrfjn and irart ciff nholc ptcect of ihrt garment in a tiolent 
tl eif ttir-dlvmmbeTmcnt till «t i> completely contumed. The 
final cttiBClion c>ceurt altnoti intiantaneoutly when it ctplodet 
eatatlreiphicilly, betominp for a brief while a lupctnota. that it. a 
itarteteral hundred riilhon timet more luminout than the tun. 

Although rtttarch nn the internal conttitotion of turt it a lifetime 
project. It it only one of the many complct aitrophytical problem! 
tWiimined by ChamJrateVhar't tcintillaimg inttllm. Afler cow- 
plrtinf in 1939 hit firvl major work on thit tubject. An Initotluf- 
rion to the Stihfv 0/ Sfrfbr Sirweture.— which, incidentally, became 
a bett-tcller— he look to another field— the diilribution of matter 
and motion in ttellar tyticmt, twch at the yalatiet like our own 
Milky Way arc. 

To begin with, he attumed no new l.twt of natutc and awentpted, 
on the batit of ordinary grat nation, to comprehend why tiars tend 
to herd in large cluttert at they actually do, at well at many complex 
hincmatical features of our own galaay and other similar cstra-galac- 
tic systems. In other words, he proceed to consider how a tystem 
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of cosmic “particles” would move under their own self- 
gravitation. 

When the system consists of only two “particles”, it is the well- 
known classical Two-Body problem which Newion and, following 
him, Langrange and Laplace had completely solved. But the in- 
troduction of even one additional “particle” in the system makes 
the problem — the so-called Three-Body problem — so intricate that 
its solution has defied the accumulated mathematical wisdom of the 
w ofid. This intricacy is magnified a billion-fold in the case of stellar 
systems even when one assumes that the billions of the individual 
stars of which they consist move under no other forces save that 
of their owm gravitation and under no other laws except those of 
Newtonian dynamics. 

To give mathematics a foothold, the gravitational forces are 
deemed to arise from a smoolhed-out, idealised distribution of 
matter in the system, on which the effects of chance stellar encoun- 
ters are superimposed. Assuming such a distribution, Otandra- 
sekhar first computes the theoretical path or orbit of a star, ignoring 
the effect of perturbations caused by siclbr encounters. He then 
proceeds to a more realistic state of affairs by computing the time 
it takes for these perturbations cumulatively to produce such a 
marked deviation from the theoretical orbit that it is no longer 


tenable even as an approximation. 

Naturally, the estimation of this time, the liinf of rtia^o o 
of a stellar sjstem as it is called, is of paramount 
stellar dynamics as it specifies the interval writhin which the c 
of stellar encounters can be ignored, thus enabling us to Ju 8^ 
relative importance of stellar encounten in influencing the mo i 
of stars. Although the notion of limc-relaxalion was a ^ 
mem of an older idea of Maxwell by Jeans and Schwarre i . 
was Oiardrasekhar who first evaluated it in a completely ri^ 
manner, in 1941. He has also initiated a new line of attack on 
prbblctn by hii staintscal theory of stellar encounters. 

While Chandrasekhar’s work has contributed 
towards the cbrification of the peculiarly characteriilic 
stellar dynamics, he is. nevertheless, aware that the solutions 
obtained were oversi.mphEca lions of vastly involved 
much t«> deep for graviution alone to resolve even after 
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problem aHcr a somewhat longish inter- 
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physics, he had essayed yet another 
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1 1964. ’* Chandrasekhar showed the way, 

"n chaScterislk fethoH^”"* f f mathematics with its 
f his studies tl ^"'I techniques. More than any other 
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■‘•■n.'vf fvt it 3f? iVtf anv nmt' 4me pT ihe bfit h 
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I ftiM Inor* nhj he m K* an attf^nofticf »ficn lie 

crt«!.l h4»c hern at ratily anr>{h«f Ramanujin of Ramart. Bat. 
tincT hr tirctej lo he afi atfrpn<trrt<r, | *fTi(ufe let lormite that 
rcrhtfH I Kvl. The htfrntt Cfn^tttuti»n of Starts 

tthicli Nr irctittd at an urJcr^faefuaic ctujr {'Hac— created in lira 
an abiding iniernt In ttart and jriUtiet ji that cJtly {mprettionable 
»r^. Ai any rate, when llic Madrat Unitertity in 1930 twik notice 
t’f thii prrctviout prndi/y by pfrenn; him a rrtcarch icfiotanhi? 
»n rnfiand m rrcpfnitirn of hit having majored with a record 
number of marlt. he joined the Kind of famout Cambrid/c atiro* 
nomert hie C'ddinyion, Milne, fowler and clhcn. 

In chootmf; attrophjtical research at a metfrr, he had no doubt 
profiled from Ihe ctample of hit illutlriout uncle. Sir. C. V. Raman, 
who had drived from college, rla a competitite cxaminalion, into 
Gotrmmem ten ice in a til of abtcnl-mindednett (ill hit retcue, ten 
>C3n later, by Aiutoth Mukerji. It speaLt volomei for Oiandra- 
tekhar's rctearch real at alto for hit amaiing self-eonEdence that 
he wat neter tempted by the tireni of “oincial prefermentt’* cten 
in those dark Satanic day s of deprettion that shook the world during 
the late ‘twenties. 

Not that he was afBuent enough to disregard the need to make 
a living. Quite the contrary. He had, to help make ends meet, 
often to do odd jobs, such as acting as a beater for pheasant-hunters 
in Scotland during his earlier research days. Short of funds at 
limes but strong of purpose, he perscsered, gathering know ledge at 
the various European centres of higher learning, such as Gottingen, 
Liege, Moscow, Leningrad, Paris and Harvard, 

Gradually, during the early 'thirties, his fame grew in snenti c 
circles tilt, in 1936, he lit the aslrophysical hcasen as a supemm-a 
star does a galaxy. He was then on a lecture lour in the 
Observatory of the Chicago University, at the invitation of W 
brilliant director, Otto Struve, himself the last of a family 
nomers famous through four generations. Struve, who had • 
commissioned by the, Cliancellor of his University to ^or 
world for the best astronomers he could find, lost no tune in 



the “supernova” and grabbed him for the Yerkes Observatory, 
he has since remained. 

handrasekliar evidently decided to settle abroad not because of 
UCrial comforts that life in the West holds for those s\ho do, 
a sort of “sacrifice” to his deity— Science. For, after spend- 
:n s« of his most adolescent years in the West, he was Indian 
t to come home for no other purpose save to marry Lalilha, 
i« class-mate of his in Presidency College, Madras. If one 
idge from the letters he v,r<jtc to his family at the time, he 
tiring the years, missed the “life of love and understanding 
; could have had at home”. 

ouever, even though now and then in moments of gloom 
'uslration — as during the years of war — he fell that the 
ice” had not been “worth while”, he has not doubted that, 

‘ it, he could never have advanced astrophysics to the pitch he 
y has. He had come to this conclusion even during his 
1 days because of the fate of Ramanujan who, as he said, 
1 have doubtless died unknown and unwept had he continued 
t precious five years of life at home”, 
jovinced, therefore, of the need to go abroad in search of 
^gc, Chandrasekhar persuaded his mother that his rendez- 
ith destiny lay in the West. One can vouchsafe as much freun 
lling consent to his departure abroad, although, stricken 
ihenv,as with aftll disease, she knew that she would never 
see him again, 

tandiasekhar's dilemma whether to soar high in company 
is foreign “innamers” or stay relatively pedestrian and be 
at with his own compatriots has been real. That is why 
lated for years on end to make his final choice. Even though 
accepted the Yerkes offer in 1936. he did not renounce hK 
nationality in favour of American citizenship till seventeen 
alcr. 

is vacillation can well be imagined. Agreeing with the 
that “it was up to us Indians to improve our universities 
ilrei of education in India”, he tried at first to console himself 
igue visions of “contributing his own small measure to this 
ament” in the future. Perhaps he w-as contemplating a time 
having passed the peak of Iiis fomi in research as many do. 
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he could relum home lo direct and guide a netv generation ofresearci 
workers. 

Luckily for astrophysics, his research prowess has not dimi- 
nished with the years. At fifty five, even his rnathematical vision, 
which usually grows myopic at such an age, has remained as eagle- 
sharp as ever. With his intellectual powers remaining unimpaired, 
he could evidently still look forward to many mote years of prolific 
research activity. Perhaps this consciousness of his owti undiml- 
nished intellectual powers persuaded him to reconcile himself to 
the prospect of denying to the country of his birth the "contributions” 
with which he seems to have beguiled himself for years— at any nte 
till the year of decision (1953) — to the greater glory of world science. 

The reconciliation, however, did not come easily. Aware of the 
need to flock and feud with giants of his own genre in the internation- 
al arena — a man is made by the company he Veeps and contests— he 
did nevertheless try to create an atmosphere of a South Indian home, 
admittedly synthetic, but yet gcniunc enough to ward off his nostal- 
£ia. 

One such attempt was his effort, years a£o, to interest nis 
American neighbours in South Indian music played on the lute by 
Lalitha. But, instead of winning them over, he w'as himself won 
over in the end, as listening to concerts of orchestral and chamwr 
music is now bis chief diversion. If at long last the culture of hu 
adopted land has swallowed him, this has not been wifhoutso^ 
pretty stiff rearguard struggle on his part. It is some comfort t a 
he must have regained his peace now that it is all over, even Ihoog 
we may no longer claim him as one of our own. 
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McnJd, all heritable charactcrutict of organiMn arc tran\mtttetl 
unchan;^ wilhnut '‘dilution or hlendintt". bfcauv they are earned 
by distinct indisisibte particles of heredity now called genes. At* 
though genes ha\r tinoc been found to be aaualty scry complex 
structures, being ultra mierosexipic specks of nucleoprotcins sshtcb 
caa itproduw thcmscb'cs by copying, they arc tiansmitted from 
parent to progeny as units of heredity so that they bchase 

very much like atoms sn chemistry. These atoms of hcr^ity, the 
genes, arc arranged in a scry precise "ay in the cells of the host 
organism, laterally hundreds or thousands of them arc v.rappcd 
together linearly in microscopic packets called chromosomes which 
occur in pairs, one set of chromosontes being dcrised from the 
father and the other from the mother. 

Consider, for the sake of simplicity, any organism such as guinea 
pigs produced by mating yellow with pmk-cyed whites. If wc 
call the gene producing the coat colour, Y, there will be located 
somewberc in the appropriate chromosome pair of the organism 
two sraiianu of this gene, for it has two sets of chromosomes one 
each from either parent. Let us call the variant or allele that yields 
yellow colour Y| and the allele that produces white Yi- All off- 
springs of the first generation will thus have both the variants Yi 
and Yj, one from each parent. As it happens, their coat colour will 
be cream, a half-way house between the two parental colours. If 
wc now breed a second generation by mating together the cream 
hybrids, then obviously there can be only three kinds of guinea 
pigs in the second generation, according as the two coat-colour 
genes in the offspring nrc both Yi or both Yj or one Yi and Yj. 
There is clearly no other combination possible. Consequently, 
the genetic constitution of the second generation popubtion will be 
fully described by the proportion or percentage of individuals 
belonging to each kind of genotype. These proportions or relative 
frequencies are called genotype frequencies. 

To compute the genotype frequencies, we observe that each 
offspring produced by mating titams tYjYj) receives only one 
gene from cither parent. There are therefore four possibilities m 
*Ut *fe, 

Y| from father and Y| from mother=»Y|Y|=yellow 

Y| froiq father and Y* from inother= YsYj=cfcam 



J. B. S. HALDANE 


J fi Jiii autCM'bitu.ir> rctcnicJ 3I Ihc lime of hi% death. Haldane 
wrotc,"r»c been ^ cry much of a dabbler, and I’m not aihatnedcf 
It. Somclimei I wonder idly wh.it I might be remembered forahon* 
deed >e.nr> from now". So will any one who chooiei to write about 
him. Tor Haldane wai an citraordinarily leriatile biofogiit who 
made original cnnlnbutioni to »o many diieric fieldi ranging from 
mnihematici to medicine that it i» ddTinilt to decide wherein lay 
hi* mo*t important scientific achicicment. Nevenhelni, if a choice 
mu*t l>e made, it might be said that he would be remembered most 
along with R. A. risher and S, Wright as one of the three found- 
ing fathers of the mathematical theory of organic molution. 

Such permeation of biology by mathematics as Haldane initiat- 
ed became necessary to remove a certain weakness in Darwins 
theory of evolution. As is well known. Darwin was the first to 
show in a convincing manner that animals and plants living today 
had not arisen by special creation of each species but by slow descent 
from very dilTcrcnt ones in the past, some of which have left fossils. 
But, despite a most thorough and objective analysis of the data fro“| 
all fields of biology to prove orgaiu'c evolution through nato™ 
selection, his theory remained essentially negative. While it di 
account for the extinction of some forms and persistence of others 
by the “survival of the fittest”, it could throw no h'ght on the “arri' 
of the fittest”. It could not possibly do so because the mcchan^ 
of heredity had yet to be discovered. For, as evolution imp ^ 
change of the hereditary characteristics of species, an adeqtu^ 
explanation of an evolutionary process could not be express 
except in terms of laws of heredity. Although these laws were 
beginning to be discovered by Mendel at about the same tunc a 
Darwin formulated his theory of evolution, it was only arovsu 
1900 that they became generally known to biologists. 

Haldane based his mathematical theory of evolution w 
newly rediscovered laws of Mendelian inheritance. AccoiuiDS 
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Mcodct, alt hcrUablc characteristics of organism arc transmitted 
unchanged \sithout “dilution or blending”, because they are carried 
by distinct indivisible particles of heredity now called genes. Al- 
though genes haw since been found to be actually very complex 
structures, being ultra microscopic specks of nucicoproteins which 
can reproduce themselves by copying, they arc transmitted from 
parent to progeny as inJi\ isihle units of heredity so that they behave 
very much like atoms in chemistry. These atoms of heredity, the 
gents, are arranged in a very precise way in the cells of the host 
organism. Literally hundreds or thousands of them arc wrapped 
together linearly in microscopic packets called chromosomes which 
occur in pairs, one set of chromosomes being derived from the 
father and the other from the mother. 

consider, for the sake of simplicity, any organism such as guinea 
pigs produced by mating yellow with p|nk-cyed whites. If wc 
call the gene producing the coat colour, Y, there will be located 
somewhere in the appropriate chromosome pair of the organism 
two variants of this gene, for it has two sets of chromosomes one 
each from either parent. Let us call the variant or allele that yields 
yellow colour Yi and the allele that produces white Vz. All oBT- 
springs of the 6ist generation will thus have both the variants Yi 
and Yj, one from each parent. As it happens, their coat colour will 
be cream, a half-way house between the two parental colours. If 
we now breed a second generation by mating together the cream 
hybrids, then obviously there can be only three kinds of guinea 
pigs in the second generation, according as the two coat-colour 
genes in the offspring arc both Yi or both Yz or one Vj and Yj. 
There is dearly no other combination possible. Consequently, 
the genetic constitution of the second generation population will be 
fully described by the proportion or percentage of individuals 
belonging to each kind of genotype. These proportions or relative 
frequencies arc called genotype frequencies. 

To compute the genotype frequencies, wc observe that each 
offspring produced by mating creams (YiYj) receives only one 
gene from either parent. There arc therefore four possibilities in 
>11. vir., 

Yi from father and Y| from mother=YiYi=5yellow 

Yi from father and Yj from mother=YiYj=creanj 
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Yj from father and Yt from mothcr==Y2Y|=crcaro 

Y2 from father and Y2 from raothcr=Y2Y2=whi(e. 
Since it is immaterial for the genotype YiYa whether Yi is 
from father or mother, the two permutations Y1Y2 and Y2I 
yield only one combination, the genotype YjY:. Further 
mating in the population is random, all these four poss 
arc cquiprobablc. It therefore follows that probabilities 
quencics of occurrence of these three genotypes Y|Yi, Yi’ 
Y2Y2 arc i, -f, their sum adding up naCural/y to unity. 

It will thus be seen that while the gem probability or frci 
of each aOelc Yi and Y2 is Yi being as likely to occur 
the probabilities or frequencies of the three genotjpes YjYi, 
Y2Y2 to which they lead arc respectively (iK 2(i) 0, G)^- 
is only a particular case of a very general thcorcjn that hold 
when the gene frequencies do not happen to be equal as in the 
mentioned illustration. Suppose the gene frequency of Yi is 
number p instead of i and that of Y2 some other number 
sum of p and q being unity. It can be shown that the frequent 
the three genotypes Y|Y,, Y 1 Y 3 , Y2Y3 will respectively be : 

p^, 2pq, q2. 

Again the sum of the three frequendes, fP+2pq+q-^(p+< 
unity, as it ought to be. If we substitute -J for p and^ q in 
above expressions, vre obtain the genotype frequendes i 
derived. 

Now, if no other influence such as migration or selection i 
veacs and the individuals mate landomiy, the population will 
turallyrcmain'stable with respect to both gene and genotype freq 
des. There is no inherent tendency for its genetic propertit 
change from generation to generation and therefore no evolui 
But, in a natural environment other influences do appeal- 
fact, the gene as well as genotype frequendes arc continually alt 
during successive generations under several pressures. Am 
them the most important are four. First, there is (he mutt! 
pressure due to recurrent change of a given sort in the gene. I 
although genes are BOfouUy traasmitttd unchanged, they are 1 
and then spontaneously altered or mutated by rare uni»Btroua 
micTochcaucsI acridents. Having occurred, the taotatioa jw 
zrai is transmitted. Secondly, there is the immigntica preai; 
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due to introduction of diflerent heredity by the influx of outsiders 
from without. Thirdly, there Is the selection pressure due to any 
systematic cause by which the gene tends to increase or decrease 
in frequency without either mutation or immigration. Differential 
mortality, differential rate of attainment of maturity, differential 
mating, differential fecundity and differential emigration are such 
causes. Fourth, there is the pressure of random fluctuations due 
to accidents of sampling. For, in actual practice the gametes (the 
hiolo^ts’ term to denote either sperms or eggs), that transmit genes 
to the next generation, carry only a sample of the genes in the parent 
population. Consequently, unless the sample is very large, the gene 
frequencies are liable to change between one generation and the 
next. 

Haldane worked out mathematically the effects produced by 
pressures of various kinds such as those listed above. Consider, 
for example, the effects of selection, that is, the differing "fitness” 
of the individuals in the population to breed the next generation. 
If these differences of “fitness” are in any way associated with the 
presence or absence of a particular gene in the individual’s genotype, 
then selection operates on that gene. As & result, its frequency in the 
offspring is not the same as in the parents, since the parents of 
different genotypes pass on their genes unequally to the next genera- 
tion. In this way, selection causes a change of gene frequency 
and consequently also of genotype frequency. 

Haldane devised a neat way of measuring the "fitness” of the 
genotypes to breed their kind and thus the intensity of selection 
pressure. Suppose the selection acts against the gene Yj. As a 
result, one of two things may happen. Either the genotype Y2Y2 
may be discriminated against or both the genotypes YiYj as well as 
Y2Y2 which carry Y2. If the coefficient of fitness of an unaffected 
genotype is taken as I, that of a discriminated genotype may be 
taken as 1-s where $ is some positive proper fraction. Let us 
assume for the sake of simplicity that only one genotype Y2Y2 is 
discriminated against. Then the initial genotype frequencies or pro- 
babilities as well as their fitness to breed the next generation wll be : 


Genotypes 

.. y.y, 

y.y. 

YaVa 

Initial frequencies 


2pq 

qt 

Coefficient of fitness 

.. 1 

1 

(I-S) 


I 
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As a ^suk the frequendes of the three genotjpes jn th 
generation will be in the proportion ; 2pq : q- (I— s), 
each proportion is the product of the oridnal gcnotjpt 
qucncy and its corresponding coetRcicnt of fitness. To o 
these proportions into their corresponding frequendes or I 
bilities all we need do is to multiply each one of these three nu 


by the same normalising factor, t — r, in order to ensure th: 

1-sq- 

sum of the three frequendes adds to one. The gcnot)pe freqa 
in the two generations will therefore be as follows : 



y,y, 

V 1 V 2 

Y 2 V 2 To 

Initial genotype 
frequencies 
Genotype frequen- 


2pq 

<}- 

cies after selec- 

_ 

JESu 


tion during the 
next generation 

1 — Sq- 

1 — sq- 



This is typical of the way in which it is possible to compo) 
frequencies of genotypes in the next generation after allowinj 
the S'arious kinds of pressures. There art. of course, many i 
plications ignored in our illustration. For example, the < 
of certain genes called rccessives may be wholly masked by 
presence of their more dominant assodates or alleles. Thus i 
substitute purc-brteding black and blue rabbits for the yellow 
white guinea pigs of our earlier example, the cflcct of Yr, th6 1 
coat gene will be hidden by that of the dominant allele, the W 
coat gene Yi. As a result the progeny of their malingi will 
black. For each offspring receives Yi from one parent and 
from the other and the genotype Y|Yi is all black, the allffc 
dominating o\tr Yi- 

Now, although both the genotypes Y|Y| and V|Tj 
bbek, their breeding behasiour Is entirely different even In M 
of the colour of their progeny. While the offsprings of Y 
wiK be all black, those of Y|Va will be tbnt-fovitla black i 
one-fouitb blue. Likewise, further complications ariw wfcrt 
gene ia question tappens to be sex-linked, that is, appearunt 
r^rtieular chromosome of the organism which deTcnn/crt «* J 
A case in point is the gene that produces haemophiliac*. 



J. B. S. iIALD\NE 


69 


boys whose blood dots very slowly and who, therefore, are apt to 
bleed to death even wlicn slightly bruised. This is by no means the 
end. For, dilTercnt genes located in dilTerent chromosomes or c\en 
in the same may also be linked in the sense that the hereditary trans- 
mission of one includes or cTcludcs the other. Incidentally, Haldane 
was the first to discover, from data published by others, this pheno- 
menon of gene linkage in vertebrates when he was still in his teens. 
Then again a single character may depend for its existence on the 
presence of several dominant genes lilc colour in Lalhyrus which 
requires the presence of two gents. And so on. 

To ciubtc mathematics to take account of some of these mani- 
fold complicating factors, Haldane devised several neat stratagems 
by resort to matrix algebra, diffeiential and integral equations, etc. 
the final aim in each ease being the computation of the genotype fre- 
quencies in the nc\l generation. For, if we succeed in deriving 
them, we can always calculate the change in gene frequency from 
one generation to another and thus measure the effect of selection or 
other kinds of pressure on gene frequency from one generation to 
another. 

As a result of these mathematical investiptions, Haldane was 
able to derive many interesting results among them the effect of 
various inllucnces like those of selection, mutation, competition, 
etc. on the gcnelical qualities of populations. Thus, he showed 
that the effect of selection is often balanced by that of mutation. 
For instance, in the case of haemophilia gene Haldane computed 
that something less than one-third, perhaps one-fourth, of all such 
genes arc wiped out in each generation because of the tendency of 
haemophiliacs to die young. ConscquctiUy, there must be some 
source from which they arc replaced. For if not, a diminution of 
25 per cent per generation would require the entire male population 
of England to be haemophiliacs at the time of the Norman Conquest. 
Since this could not be the ease, haemophilia genes must be arising 
spontaneously by mutation at a rate equal to that at which they are 
being wiped out to keep the frequency of haemophiliacs at a cons- 
tant level. He also showed that, under certain conditions, the 
number of generations requited for a given change in population is 
inversely proportional to the intensity of selection. As a corol- 
Ity, he deduced that selection is rapid when populations contain a 




:ad through a wild population under constant obser^ati 
ninants. 

>wcvcr, he did not remain cootcnl with merely finding mall 
explanations of know n facts like the proalcncc of domiiu 
He also computed theoretically the changes in the cbaraci 
ilatioos exposed to various kinds of pressures which 
rould confirm or deny. Many of his theoretical predictio 
ICC been verified by actually observing the alterations indue 
pulation by its exposure to natural selection under cootroU' 
)ns. This was done with populations of flics by Dubin 
loviet Union, by Dobzhansky in the United States, 
and and Teissier in France. His theory has thus bad u 
itur of experimental conflrmation. We can therefore reaa 
lis theory that the main motive force of organic evolution ■ 
been natural selection, even though the actual steps, by w •< 
lals come to diitcr from their parents, arc due to caus< 
lan selection. Consequently, i evolution could follow o 
paths chalked out by other influences like mutation, con'P' 


rile these results of Haldane's mathematical 
I of genetics were of great value to the specialists, “'X > 
he lay citizen even a richer bonus which is 
: to our present purpose. For, he was provoked o P ^ 
the current abuse of genetics to support proposa ° 
changes in the structure of society, such as ihow 

tion of the “unfit" and expulsion or cxtcrnunatioo 


npurc” or “contamiiutcd” heredity. 

iis book ilereJity AnJ Fohtics, which, by the way, u » ^ 

ICC popularisation, he demolished with dev astatic 

of my ths of the race maniacs. Thus, it is olten 
half that, since the poor breed faster than the 
irth rate wdl lead to the “degeneration" of i c 
ugenist argument is correct, a society in w it j 

their abilities married a number of wives, w i 
r remained unmarried, would inevitably enjoy 




btr exp]ont3, 

: foresaw, long before it became obvious to ever) body 
.he present proliferation of clementaiy particles ci 
, tliat nothing in nature Is really ‘*clcmenury’’-<nly 
nlilics are more “elementary” than others. He therefore 
; of genes also as miniature intracellular organs, cootroUing 
nical processes within the cell, even though the control so 
:rvcti is generally remote. /( may, for example, be exercisod 
I the production of prosthetic group of enzymes, the miante 
CCS that catalyse biochemical reactions within the cdl — 
1C Haldane’s own picturesque analogy — “the machine tools’* 
cU workshop where highly individual craftsmen are at work, 
d his surmise on the fact that chromosomes and, therefore 
nstituent genes, appear to be built of material well adapted 
■lytic functions of several dilTercnt kinds, for, there is reason 
vc that they arc particularly concerned in the sjulhcw of 
cs of moderate size. However, since they also synthesise 
jf themselves, there should be some way of briaguig these 
ctioas together. To do so, it would appear to be neccss^ 
re the chemical isolation of a gene — a task demanduig 
ig to Haldane “the combination of pertinacity, patience 
linical skill which characterized Mmc Curie and is ^haps 
equent (though exceedingly rare) in women than roen”. To 
ch a breakthrough to the structure of gene, Haldane, as a 
of the great founder of biochemistry. Prof. Hopkins, 
:n-command he was for ten years at Cambridge, advocated 
the fate of individual molecules and atoms within the ge« 
ver its raicrpslructurc and functions, just as we use “tncer 
i now'adays to explore other complex chemical structots- 
Interesting aside on Haldane’s gcnctical work is the nmow 
, that while dialectical materialism led Haldane to Msdu^ 
ion of a gene both as a putatively “indivisible” atom of 
well as a complex structure performing spedSe Ihonjh ^ 
mknown functions within the cell, he was never conviaccn 



mtbout cuttiDs tbctn up, much Jess JaUing them, ia physio 
\e discos-citd that s\ben he drank ammonium chloride solu* 
he destloped s-arious symptoms of severe acid poisoning 
ing brcalhIcKness. Ia botany, his most important ftork 
me jointly on an ornamental plant, Primula sinensis, where he 
1 that one of the genes responsible for its colour acted by 
Qg the acidity of the petal sap. In mathematical statistics, 
ised an degant nay of calculating certain expressions called 
ints of the binomial distribution. In cosmology, he made 
ber of brilliant sug^tions in connection with the work of 
rlilne, the author of kmcmatic relativity, who tried to work out 
lology on a priori grounds from the single assumption of 
homogeneity, rir.. the uniform distributions of galaxies in 
s observed by any local observer. In particular, Haldauc wm 
> t to ask the cosmological question “Is space-time simp y 
led?’*, though lUc all major cosmological questions it is not 
insn-ered. In medidne, he discovered cJTcclivc treatments 
anus and convulsions. In abiogcncsis, he speculated on 
ipn of life- He showed how self-reproducing 
fluid have arisen in the past to enable life to make *** ” “ ’ 
d ncudoiides in solution, a suitable enzyme and proba y a 
rrgy source arc available. In zoology, he had a dig at c 
ks for their singular lack of attention to the most 
icnces between different animals, u:., one of size. Jn 
little essay entiUed On Beins The Right Size, he showed y 
c to a remarkably simple arithmetical calculauoa w y 
uld not be as large as a hippopotamus or a whale M 
rring”. He performed here an amazing act 
r*s “bisodation”— by tj ing together a w hole J - 

dlogy and aeronautics to social polity and cagmee » 

: Ariadne’s thread. 

Idanc was particularly adept at handling such rCT« 
vioblcms, where many thought streams ftom 
coalesced, lie could do so because of lus 
if the fundamentals of physical, cbemica a 
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? chose India because he had losed India and Indianscwsjace 
a boy of nine s\hcn he came in contact for the first hate 
ic Indian crew of a car^o scsscl on a short vo^a^e from 
’ to Dunkirk. He became an Indian citiren in I960 and do vt. 
self to assistins the desclopment of science in this rapdly 
•ing country. 

e main lesson he held out to us ssas that scicnUtic 
ce docs not necessarily depend on elaborate and espcn.'^ie 
cots but that worthwhile contributions may )et be made 
hods no more elaborate than \isual obsenation and 
tritbmetic. Such otf-beat opinions of Haldane coupled with 
her provocations plunged him lime and again intocontroseny 
ew homeland too. But that is because he could neser 
cc either injustice or bureaucratic obstruction. Lih* the 
Christ in Dostoyevsky's The iho/Arrr Aai/u/iwror, Haldjne 
ays facing the Grand Inquisitor in order Jo hinder hmi. 
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plij’sics, the daughter of astronomy, descended fro 
earth afong Galileo's inclined plane, its own ofTsptia, 
is now a^nding from earth to heasen on Jacob 
icicjr thought. Rulhciford and Bohr conceived it 
Saha, Chandrasekhar and Kothari put in position t 
Ic the heavenly climb, 

cr profile* it will be shown how, taking his cue fron 
d-Bohr atomic model as a miniature planetary s>sten 
Icctrons oribiting round a much heavier nucleus o. 
a postulated the conditions under which atoms an 
icir outer electrons, leaving them truncated or ionised 
: Well-known progressive dissociation of substances 
d beating — the substance turning into a gas, the gas 
omposing into those of simpler compounds, the latter 
sc of constituent elements until, finally, the molecules 
ts are broken into atoms — Saha naturally concluded 
eating would disrupt (he atoms themselves into ions 
d electrons. For the heat energy would now begin 
of the outer electrons from their “atomic dwellings*' 
.’s land between the atoms”. 

a much heat diverts the elsctroas into the vacant 
: the atoms, can sufficient pressure not push them 
in the atom ? For despite its nucroscopic size, there 
leaking, as much vacuity within the atom as in the 
i. If wc choose to represent the central nucleus of 
c size of an ordinary period, the outermost electrons 
1 it would extend on the same scale to the size of a 
000 cm.), the whole system having been magnified a 
-fold. On the other hand, if we reduced the stellar 
same extent as we have magnified the atomic, the 
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nearest stars would be apart to the same extent (1,000 cm.) as the 
outermost electrons and the nucleus. 

This is why there is practically no limit to the compressibility 
of matter, provided only we could press it hard enough to break 
the barrier of electronic shells surrounding the atomic nucleus. 
If, nevertheless, while compressing anything — say, an ordinary 
gas — ^wc seem soon to reach the limit of its compression when it is 
liquefied or solidified, the reason is not that a liquid or solid is 
basically any less incompressible than a gas, but that the pressure 
required to reach the next stage of atom-crushing compression is 
beyond our powers of making. 

By daring to affirm that under the duress of sufficient pressure 
n/one the electrons so firmly tied to their atomic nucleus could be 
cast adrift and moorless into the vacant immensities witlun the atom 
itself, Kothari laid the foundations of a new theory of pressure 
ionisation. For it was at the time tin act of considerable scientific 
pluck to imagine that the atoms need not first be smashed thoroughly 
by heating them up to a few nuUion degrees before the liberated 
electrons could be squeezed into the atomic void. 

The difficulty, as Sir Arthur Eddington wrote in 1936, lay in the 
curious relation of ionisation to pressure. At ordinary pressures, 
the ionisation actually decreases with increasing pressure, thus ob- 
scuring its donunant role in inducing ionisation at extremely high 
pressures. Kothari was the first to visualise that pressure alone, 
unaided by heat, could suffice to smash the atoms. He calculated 
that, even in completely “cold” matter, this atom-breaking pressure 
IS of the order of some hundred million pounds per square inch — a 
force many times as great as that exercised at the centre of the earth 
by the weight of 4,000 miles of its overljing core, mantle, rock and 
all. 

By comparison, our own necks only bear the feather-weight of 
a few odd miles of atmospheric gas equal to a column of water 
bi^ly 34 feet high. However, a pressure force that cannot be con- 
trived anywhere on earth is not too difficult to obtain inside the 
stars. There is a class of stars known as white dwarfs within which 
such enormous pressures do actually prevail, so that the atoms there 
arc crushed like inflaled balloons in a top-heavy casket. As a 
result, the separate identities of their atomic nuclei and satellite 
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ivca to earth along Galileo’s inclined plane, its own ofl 
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of nuclear thought, Rutherford and Bohr coacciv 
' which Saha, Chandrasekhar and KoUiaii put in posit 
possible the hcascnly climb. 

1 another profile* it will be shown how, taking bis cu< 
ithcrford-Bohr atomic model as a miniature planetary s 
cllitc electrons oribiting round a much heavier nude 
IS, Saha postulated the conditions under uhich atoir 
ed of their outer electrons, leaving them truncated or io 
ing the wclI>known progressive dissociation of subst 
»atmucd beating — the substance turning into a gas, tb 
ulcs decomposing into those of simpler compounds, the 
into those of constituent elements until, finally, the mole 
elements are broken into atoms — Saha naturally cond 
rrthcr heating would disrupt the atoms themscivts into 
naltacbcd electrons. For the heat energy would now I 
■c some of the outer electrons from their “atomic dodU 
no atom's land between the atoms", 
ut, if too much heat diverts the deciroiii into ibe va 
herueos the atoms, can sulEcicnt pressure not push l 
lose m'f/iin the atom ? For despite its microscopio siK, t 
itlvcly speaking, as much vacuity uhAii the atom as m 
cUar void. If we choose to represent the central nucleus 
am by the size of an oxdiaoo^ period, the outermost 
ing round it would extend on the some scale to the 
(about 1,000 era.), the whole sy-siem having been r 
Ml billion-fold- On the other hand, if we 
»e u> the same cxleal as we have magr.i&>' 
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£et-’anaour deeper than when tlie charge is in actual contact with the 
slug was made some 150 years ago. But that the penctiatioa is 
vastly greater when the cavity is lined by a thin metal is a very re- 
cent discovery. When such a metal-cxplosivc system, the so-called 
“shaped-charge" projectile, is hred, the detonation of the explosive 
cbaige shoots out the cavity metal of the hner ia the form of a 
fast-moving jet — also known as Munroc jet — ^which is trailed behind 
by the rcbtively slow-moving slog. When the faster Munroe jet 
impinges on the target-armour, it generates a pressure of a few 
miUiott pounds pet square inch. Uuder such a prcssurc-squceie, 
the target material caves in and provides an easy run-through for 
the incoming jet, no matter whether the armour is made of steel 
or granite. 

TTus is the wtlUtnown hollow-charge piintiple which was made 
use of by the Germans, British and Americans during the last war 
when they developed on its basis their respective Panzerschrecks. 
Puts and Bazookas designed to pierce exceptionally thidc armours. 
While Birkhnff, MacDoughall, Pugh and Taylor have worked out 
the mathematics of the armour penetration of the “shaped-charge” 
projectiles, Kothari has applied his pressure ionisation theory to study 
the behaviour of metals of the liners under the stress of explosive 
loads. 

That Kothari was led from the metallurgy of stars to that of 
projectiles is a result of our National Government’s taking to heart 
a lesson that even the West leamt only under the duress of World 
War IL It is that a scientist who ventures to speculate in a spirit 
of disinterested enquiry without any thought of its applicational 
potential can, by a lively, informal and paradoxical exchange of 
id^ wUh the ptofcsrional adnunistiators of the war xuactunc, bring 
atout some very spectacular successes. In the wake of a stream 
ofsu^ successes, there grew up a new kind of omnibus, if sprawling; 

caUed Operations Kesearcb, which sought to apply science 
>a the scr^ce of war in an wstirely novel way. 

Application of science to invent new weapons of war or im- 
prove those already in existence is, of course, nothing new. It began 
og ago, even before Archimedes made catapults for the Greeks 
*^**“‘*^ Roman invaders. But, during the last 
orld War, it also began to be used more consistently and 
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ads and sand-dunes, a subject that was spaiked to life by Ronupei* s 
m^£ii in tbe North African desert. 

1 cannot possibly provide here even a wona’s-cye view — a bird 
cs too ranch — of the vast and complex research output of opt 
efenoe Scieace Organisation under Kotbari's taxing tutelage, if 
ily for the reason that barely a small fraction of it is “unclassided” 
id, therefore, available to outsiders without ringyde scats in the 
incr sanctum. Nevertheless, “unclassified” papers on a variety 
r subjects — ^such as the “shaped-charge” projectiles already fuen- 
oned— alone suffice to show the multi-spangled flag flying atop the 
tefcncc Science wagon that Kothari charioteered with commendable 
denlific inow-how for more than a decade. The spangles arP ar- 
anged in neat vignettes of studies as varied and diverse as those 
.n ballistics, electronics, environmental physiology, metallurgy, 
eddent pioneness of men and machines, soil stability, food prcscr- 
'ation. corrosion, desert afforestation, aeronautics, gas turbines. 

Qmsidering that all this beehive of activity Had to be sustuin- 
)d on a slender tatioa of honey — we provide a mere quarter of 
i paisa for every rupee spent by other advanced countries^^o® 
A'onders how Kothari managed to go so far vrith so little. But then 
(Cotbari has a remedy for laclc of resources — resourceful thinlring 1 
Possessing a thorough imderstanding of the science and the design 
principles underlying modern weapons, Kothari has, by of 
hard thinking, greatly mitigated the handicap that lack of material 
resources can otherwise be. 

U may surprise some that an aslrophysidst like Kothari should 
have taken to defence science research even in peacetime. For, nstro- 
oomers and astrophysicists are notoriously pacifist and easily frus- 
trated when required to carry grist to the mill of Mars. If KcJthari 
seems to be the exception that breaks the rule, it is because he under- 
stood the need of a newly independent nation to sheet-anchor its 
defence on the latest knowledge of science and technology. He 
was further fortified by the knowledge that, in our case at any rate, 
“defence” would, by no semantic confusion of which Orwell sPuke, 
be allowed to become a camouflage for the conquest and colonisa- 
tion of weaker neighbours. Lest an unsympathetic critic be ioObned 
to dub such a belief as a naive posi-facto rationalisation of a patriotic 
jingo, I hasten to remind him that, paradoxical as it may seem. 
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ddiberatcly to optimise tbs tffccti\'snsss of wsapoas of war akeaij 
in use. As a result, virtually a new sciescs of w^poa ccoaosxs 
was bora, designed to assess tbc cfSdcncy of any givxa weapon* 
system considered as a warhead in interrelation with all the rclesant 
factors govemins ‘t^ 

It was natural that Free India should tale heed of this iaao* 
\ntioa and establish its own Defence Sdcnce Organisation on a basis 
broad enough to handle the problem of wai-wcapoa nunagcmcat 
and oaluation. Kothari, till his clcsation as Chairman of the 
University GranU Commission a few years ago, has been the brain 
behind this Organisation cser since its inception. In his capjoty 
as Scientific Adviser to the Defence Minister, he was the main 
motive force drising the Defence Ministry’s Technical Development 
Establishments as well as its chain of laboratories designed to 

(n) provide a reasonably correct choice between competinj 


wcapon-sj-stems ; 

(b) suggest continual improvement in wej]>ons; and 
W coquet research in the development and design of nevt 
as vtcU as older existing weapons with a view to iJieir 
bdigmous manufacture. 

Such vrork is no mere armchair scicnLdlo speculation, now and 
ihea relievtd by laboratory gadget maaipidalioa, U is ILa outcome 
of grauins teamwork between the scienusa a.Td tha lernVa oiUkCn 
who provide the cecestary **uicr cxpericcce and orieaUlioa’*. 
I'of, as Kothari ia apprecuiioa of the soldurr’s point of view ha* 
renuiked. even though a weapon— or cxiy dcfcoca cijuipmeot, for 
Uui Euner— resembhrs ia many waji a compha prccuion scicutiJe 
tairneamt, it is ccruudy not aa appi.jnLaJ Hut one CouJJ be U1 
to operate ia the pcau.f J retreat of a Uboralory. It has to b# 
cao. 0 ^ to f,os£L».a under uvere «rs»i. no matter whcihifit 
u the tf-icome of chnuuh. gual. ph/uul, piyohoh.g.oal or any other 
factor, U ccu/ie. acuon ia iha Held. 

l\.r L!l a labor»S-0 ^ rtwe/.il/ u( up at fodJi' 


nor, ia the desert «.f IO,PoUui. o ^iUt tfe.f.gj, 
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Such Pascalesque disccrunent does not come by mere technical 
proficiency in mampulating either the metrical symbols or their 
material counterparts, the intricate synchrotrons of nuckar physics. 
It stems rather from devoted and prolonged meditations that take 
hold upon the stars above even to Uic ne^ect of life here below. 

Kothaii began his ruminations on the starry heavens very 
early in fife, and, in his first upward statings, he, like Thales before 
him, did not always heed the hidden pitfalls that beset his own 
dowii'to-carth existence. But, unlike Thales, he was too deep and 
gentle to be provoked by the jibes of Philistines into dreaming to 
turn to any mercenary account his enormous talents by cornering 
a market, or even winning administrative power by recourse to the 
honourable modem expedient of competitive cxaininatioa. 

I doubt if he suspected then those ^ents of his, But lus teacher, 
Saha, clearly saw what Kothari himself in bis humility could not 
perceive. Indeed, Saha, who foresaw that Kothari alone among 
his band of bright boys could bend his bow and in due time wear his 
mantle, had little difficulty in keeping him oET the temptations of 
Civil Service because of the existence of a profoundly ascetic streak 
in his make-up. That streak runs to this day, expressing itself not 
merely in an abstinence usual in a run-of-the-mill teetotaller, but, 
more importantly, in a total negation of the acquisitive impulse 
that comes natural only to those who five a fife of contented and 
ungrasping prudence out of some deep inner conwetion in a pur- 
pose more serious than conspicuous consumpUon, status and prestige. 

It is this spirit of dedication that prompted Kothari to work 
for long hours every day as Head of the Defence Science Oigamsa- 
tioQ for over a decade in a virtually honorary capacity, earning his 
meagre keqi as Professor of Pbyacs in Delhi Hruveisity, a position 
he retained throughout the period. He thus killed two birds with 
one stone— satisfying his own urge of selfless sennee while keeping 
his lurks with the academic garden where his scientific talents had 
ripened into fuller bloom. He dnee told me that, but for the ins- 
piration that these links provided, the Hercules of administration 
would long ago have stifled him, very much as the giant Antaeus was 
strangled in mid-air, cut off from bis main source of strength, his 
mother Terra, 

If Kothari’s Terra, the Delhi University, has nourishwi him 
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• koihin t own pcnotut Ruittrpi^co in dcTeoco itcicncg rescarcb it , 
wojk doikatcJ to tho cauM of peace. 

ThU Hoik, /tucUor EjphfUins enJ Thtif /]^<rrct~»blcb niort 
Chan any otiwr conlnbulicn of the Defence Science Orsaniulioa i: 
Kothari't own fuiKtiwofk—wai umJetUken at the iosUiace ol 
Nehru, who made the tu^etUon in the hope that such a study would 
he of “tome ute la directing people's ound to the dreadful prcnpoct 
in the nuclear age and to the dangert of continuing nuclear test 
capiosioos“. Thai Kothari achieved the objective Nehru set him 
it obv'iout from the fact that the only two other great oatioos be> 
sides ourtclvct who are not members of the nuclear club— Oermany 
and Japan— have bad the book transbted, and that progressive 
drcict even in the U.IC. and the U.SLA. have congratulated ut on its 
publication. 

In hit book. Kothari takes us beyond the invisible barrier where 
man’s immense journey froin remote pre<itmbrian beginnings may 
come to an abrupt end. Dy a careful, though naked, direct and 
unadorned organisation of the objective facts, but without the aao- 
tional (one or tint of moral indignation. Kothari conjures vistas 
of a possible apocalypse so morosely violent and luridly tragic that 
wo are, os if by a traumatic rccoih jerked into sense and sanity. 
Rarely bat anyone made such an effective practical use of so unpr» 
tical a discipline as astrophysics as has Kothari in his Nuclear 
Explosions end Thtlr Effects. 

It is perhaps nothing but a coincidence that he should have 
made his scientific debut by applying nuclear pbysics to the study 
of stars, and then, some twenty years bter, climazed it by a reverse 
application of the same knowledge to those terrestrial starlets of 
our own making — the hydrogen bombs. In doing so, he is not 
perturbed by any qualms that he has in any way “tampered” with the 
universe or made nature “unnatural” — a spectre that has begun to 
haunt so many atomic scientists of our generation. On the contrary, 
he may well solace himself that he has only drawn anew from^ out 
newer nuclear knowledge a moral which Pascal, with uncanny insjght, 
sensed at the veiy threshold of the modern era in sdenec. 
is nothing which we cannot make natural”, Pascal wrote, and 
there Is nothing natural that we cannot destroy*’, not escepung 
even our planetary abode. 



Such Pascalcsque disccnuncnt does not come by mere technical 
^FoScicncy in manipulating cither the metrical symbob or their 
inatctial counterparts, the intricate synchrotrons of nuclear physics. 
It stems rather from devoted and prolonged meditations Uiat take 
hold upon the stars above even to the neglect of life here below. 

Kothari began hb ruminations on the starry heavens very 
^ly in life, and, in hb first upward starings, he, like Thales before 
him. did not always heed the hidden pitfalls that beset hb own 
down-to-earth odstcncc. But, unlike Thales, ha was too deep and 
gentle to be provoked by the jibes of pbilbtines into dreaming to 
turn to any mercenary account hb enormous talents by cornering 
a market, or even winning adminbtraUve power by recourse to the 
honourable modem expedient of competitive examination, 

I doubt if he suspected then those t^ents of hb. But Iiis teacher, 
Saha, clearly saw what Kothari himself in his humility could not 
perceive. Indeed, Saha, who foresaw that Kothari alone among 
hb band of bright boys could bend his bow and in due time wear hb 
manQe, had little difficulty in keeping him offi the temptations of 
Civil Service because of the cxbtence of a profoundly ascetic streak 
in hb make-up. That streak runs to tlib day, expressing itself not 
merely in an abstinence usual in a run-of-the-mill teetotaller, but, 
more importantly, in a total negation of the acquisitive impube 
that comes natural only to those who live a fife of contented and 
ungraspiog prudence out of some deep inner conviction in a pur- 
pose more serious than conspicuous consumption, status and prestige. 

It Is this spirit of dedication that prompted Kothari to work 
ibr long hours every day as Head of the Defence Sdence Organisa- 
tion for over a decade in a virtually honorary capacity, earning hb 
meagre keep as Professor of Physics in Delhi University, a position 
he retained throughout the period. He thus killed two birds with 
one stone — satbfying hb own urge of selfless service while keeping 
his links with the academic garden where his scientific talents had 
ripened into fuller bloom. He once told me that, but for the ins- 
piration that these links provided, the Hercules of admiabtraUon 
would long ago have stifled him, very much as the giant Antaeus was 
strangled in mid-air, cut off from hb main source of strength, hb 
mother Terra. 

If Kothari’s Terra, the Delhi Univenity, has nourished him 
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all this while, it is because Kothari himself had given her the nec. 
Mry wherewithal by putting her on the sdentific map. For, surpr 
ing as it may seem, before Kothari’s arrival there in 1935, Dei 
University, despite its location in the capital, was a backwater 
the teaching of physics. Saha, who almost drove him out of Allah 
bad into Delhi, did so in sheer disgust at his failure to persuade ti 
administrative sultans of the Allahabad Senate to at least alio 
Kothari three of the arrear increments that he should have came 
doing valuable astrophysical research in Cambridge during U 
early ’thirties. 

Kothari, though indid'erent to the increments, reconciled hin 
self to parting company with Saha because, lured by the musi 
of distant drums, he could never imagine that the metropolis of 
realm that was the “brightest" jewel in the British Empire woult 
harbour such an all-cry-no-wool type of antedHurian university 
But institutions, in the long run, become what the men behind then 
choose to make them. It was, therefore, but natural that, in cour» 
of time, Delhi’s fame as a centre of physical learning should hate 
grown by leaps and bounds, especi^y as Kothari won, almosi 
at first sight, the full confidence and uostinted support of Ms Vice- 
Chancellor, the celebrated educationist Sir Maurice Gwycr, 

I will not dwell on what Kotliari did to secure for V^bi a place 
in the scientific sun — for here the result speaks for the deed. But I 
cannot forbear from mentioning that he, the unpractical astrophy* 
sidst, was practical enough to lure there at least one pure malhe* 
roalician. Dr. Auluck, to the study of physics, with the result that 
the two together found an excellent use for Ramanujan’s famous 
theory of partitionf of numbers — an otherwise pretty useless study. 
I have chosen the adjective “pretty” dehberately for, as Ruskia re- 
marked, the prettiest “things in the world are the most usclc«^, 
peacocks and lilies for instance”. I might have added to Rustm* 
list Ramanujan’s partition theory, but the Kolhari-Auluck use of d 
in determining the sizes of broken-down fragments of long^ 
of molecules in high polymers — that is, new fuels and fabrics h*a 
nylons— -invalidates its inclusion now. 

Kothari, of course, would be the last to regret the esclusion, 
otherwise he would not have provided its raho/ttTttre, Vot ihoop* * 
tS«e aUe paze tSU 
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belicvcc in fundamental research of the purest ray sercae» he docs not 
share the pessimism of those who counsel that “pure” science should 
remain for ever pure, a thing to be enjoyed rather than used for 
fear that use may, by some Micawbedan chance in reverse gear, 
turn into abuse. As one accustomed to resolving stem defence 
dilemmas in his capacity as an cistsvhile Scientific Adviser, Kothari 
knows that the risk will always be there, but that it has to be faced. 
The Greeks developed science as a philosopher’s delight, spurn- 
ing all application as almost a desecration. They ended in the 
blind alley of inane Platonic contemplation. The practical Romans, 
who followed in their wake, made the opposite error of being too 
obsessed with results to bide their time. They wanted to turn pre- 
maturely their baby ideas into their beasts of burden. Not knowing 
that their hnest investment lay in putting milk into those babies, 
they, too, drew a mighty blank— a millennia of intellectual Cimmeria 
and darkness. 

It is only during the last three hundred years that we have 
gradually begun to understand that science is the bonus derived 
from pleasurable work inspired by disinterested intellectual curiosity, 
but unhampered by any inhibition about cashing in on the outcome 
even at the risk of the harvest contaimng some chaff, , if not stony 
gnt, along with the gram. We may congratulate ourselves that the 
future of science m our universities now lies to a great extent in the 
hands of a savant who has thoroughly imbibed this lesson that 
two nnllenoia of human history holds for us. 
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IR K. S. KRISHNAN bit scicaiillc ipun by opening 
> pocp>bolci inlo ihc intcrion of molecule*. Ooc »uch peep- 
b wat pro* iJc«l by bis culUboraiion in the discovery of ihs Raman 
cci (C V. Raman «a* hi* mentor and piiJe at the innc). An- 
:cr «a* tbc invention of an ingeniout capcrlmcntal technique to 
abUvh contUiioQ* between the maEottic propenic* of crystal* 
1 their internal architecture. A Ihicd uai the mapputg of the 
dutribution of electrons in graphite crystals. Lest one should 
ipne that all this was the pastime of a curious mind, with little or 
practical consequence, I must hasten to add that the present 
od of syoibcticwfrom dye* and dniE*, paints and plastics to fuel* 
d fabrics-..u the outcome of a deeper Lnowled^e of the solid 
le of maitct acquired throush these and allied tcehnsque*. The 
«se arrantcmctit of the constituent atoms or molecule in solid 
tticf, the forces that bind them, and details of their geometrical 
niiEuration—a study of all these aspects is necessary to obtain 
mrciical dues required in s}'nibcsisins new molecules expressly 
lorcd to yield almost any dAired behaviour pattern. 

AUliougb exploring the structure of molecules is a task com- 
:* enough to absoib a lifetime of research, it was only one of the 
uiy branches of science mastered and cnricbed by Krishnan. 
lus, even when be was in the thick of important cxpcnmcntal work 
Raman's collaborator, he agreed to assist Arnold Sonunerfcld 
the preparation of his book on an entirely dilTcrenl subject, 
mety modem dcv-clopmcnts in wave mechanics — ^ihe great Gemm 
lysictst had come to CakutU to give Icaurcs on iu 
The material he gathered was no mere hi-fi reproduction of 
•nuncrfcld's talks. Krishnan worked it out in such an independeot 
•d original way, supplying new and elegant mathematical proofs, 
at Sonuncifeld olTercd to publish the book under joint authorship 
bowevci,. Krishnan dcdlncd. 

This work was all the more remarkable not only because it 
89 
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Since Kmhnan picferrcd the excitement of a quest to iu quany, 
hij motto naturaliy was that of Viysses : 

To follow knowledge like a sinking star 
Beyond the utmost bound of human ihougdu. 

No wonder, then, that be was often more thrilled with the ofTsho 
of many of his investi^tions for which he could find no £rcat u 
I particularly recall his mentiomog to me one day how a by>prodi 
of purely mathematical interest, thrown up by one of hu iavesti, 
lions, moved him ever so much more deeply than the physics of t 
situaCioa he had analysed. This was because of a profound matli 
matical streak in his mental make-up. 

ft is indeed so profound that he would have shone as a math 
matlcian had be not proved e\cn a greater genius in experiment 
physics. For he had a feel particularly for what he called “good 
mathematics which fascinated him for two reasons, fuist, becau 
“good” mathematics had “a certain simplidty, elegance and inevi: 
ability which make it easier to get it across to an intelligest math: 
matician”. Secondly, because “this simplicity and elegance of goo 
mathematics make it eminently applicable to other brancha o 
science”. Like Browmng’s Abt Voglcr. Kiishnan firmly bclicvK 
that in mathematics at any rate 

TTiere shall never be one good lost I 
He recalled how at a conference of mathematicians, some thirtj 
years ago, someone posed, the question whether an abstruse branch 
of mathematics like the partitioning* of a number does find any 
application at alL The questioner chose the instance in the certamp^ 
that the partitioning of a number being an abstruse branch even m 
Ibe theory of numbers, which is the “purest” and therefore the least 
useful branch of mathematics, it was extremely unlikely to hare 
my application. And yet, surprisingly, came the answer from one 
>f the members in the audience that it had in fact been applied in the 
itudy of splicing telephone cables. 

Because of this faith in the ultimate utility of all “good” math^ 
natics, Kiishnan considered the positivist antithesis between “pure 
lod “applied” mathematics to be false. Indeed be tveat a stq> 

Sm aUo puss 1 20 for further eluddstioD. 
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further and branded a uinilar opposidon between science and tech- 
nology os even more falladous. Tor science originated from a 
spirit of disinterested enquiry fostered by tlte Piatonic ideal of con- 
lempUtion on the one band and the Benedictine ideal of the dig- 
mty of manual woilt on tbe other. The marriage of the two ensured 
that work iJlumincd by intellectual and moral vision became a joy 
and delight overcoming its weariness, fatigue and drudgery. Once 
^ence grew out of such pleasurable work, inspired by rUsintercsted 
intellectual curiosity, it pasud the way for all the technolo^cal 
advances that follow^ in its wake. 

Krishnan, Ulcc Whitehead before him, was therefore never tired 
of extolling the purely cultural and aesthetic values of technological 
education. He did so once in grand style on a memorable occasion 
—the annual dinner of the National Academy of Sciences in Washing- 
ton. He was specially flown over in 1955 from New Delhi to 
America to be its star speaker, a rare privilege he had shared with 
only such exalted notables as the Presidents of the Royal Societies 
of Britain, the Netherlands and Sweden. Many in the distinguished 
gathering, as the famous physicist Van Vleck who was among those' 
mentioned, thought that he would talk about culture — the intangible 
mystical heritage of the East. They were, however, refreshed to 
find that, avoiding the beaten path, Krishnan gave them a discourse 
on the cultural and aesthetic values of technical education. 

That Krisbstao, wdeatist of the purest bre«d, tbould. have besa 
“Dsnive to thc.acsthetic and cultural implications of science and 
<*chnology stemmed from his deep and abiding interest in literature 
and philosophy. This interest saved him from becoming what 
Nietzsche calls an inverted cripple, that is, someone who lacks 
all save one thing, of which he has too much, nothing but one great 
®ye, ear, belly or mouth. The escape is indeed a marvel as such 
mippledom in reverse gear is becoming increasingly rampant 
nowadays on account of the ever- widening range of knowledge 
requiring more and more specialisation. 

U was this precious but rare faculty of Krishnan of never losing 
sight of the wood even when in the midst of a minute e»mination of 

trees that moved our late Prime Minister to sav sixtieth 
birthday : “What is remarkable ' ' \t ha Is 

a great scienUst but 
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a ubotc nun an integrated personality He bad tbe capacity 
10 drive home a moral as well as disarm a critic mth a single mot 
Juste or at most a conte Juste out of bis vast repertoire. It is 
so vast tliat Nehru once reinarlced that be did not reanember 
meeting Krishnan on any occasion when he bad not told him 
some new story, 

I have space hereto repeat only one such story with nbicb 
he silenced a carping critic who upbraided Dr, Bhahba Cduringa meet' 
ing at which the late Prime Minister himself presided) for locating 
tbe Atomic Energy Reactor at Trombay, near Bombay, without 
proper investigation into the pros and cons of all tbe available sites. 
Krishnan recalled the story of a student of the great mathematician, 
Jacobi, who was so befogged by the wide range of earlier researches 
on his subject that he did not know where to begin his onm. One 
day he ventured to ask his master for advice. Jacobi exploded, 
"For heaven’s sake begin somewhere, anyahcrc ! If your father 
bad waited to investigate all tbe girls before deciding to marry one, 
there would have been no you, much less any of your research !” 

Such telling humour, Gallic wit and quick repartee were the 
outcome of a razor-sharp intellect steeped in diverse fields besides 
science — history, philosophy, linguistics and literature. It is remark- 
able that, in the im’dst of his preoccupation with phirics, chemistry, 
mathematics, teaching, adi^iustration and research, he found 
it possible to do more than his share of Valmiki and Voltaire. 
But greater still was the cultivation of his own mother tongue, 
Tamil, of which he was a distinguished writer. There were 
two reasons for his devotion to it. First, he recognised the need 
for the development of as dear, predse and direct a proscstylcin the 
Indian languages today as the early Fellows of the Royal Society 
gave to the English language three hundred years ago. In co:^ 
mending the “close, naked and natural” prose style of these earv 
scientific writers, Krishnan went to the heart of our language prob- 
lem of scientific and general use. 

* It is the creation of a live language capable of expres^g pre- 
eisely and without ambiguity the new thoughts of a writer m * 
oovd age, and not merely a dictionary of technical terms wim 
which alone some of our language enthusiasts seem to be coaceme 
Believing that example was better than precept, Krishnan showe 
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how oae of out huguagts—Taaiil — could be fashioacd into ao 
instnmtnl of communicatioo of real power. 

His secoad icasou for the study of Tamil lay in his strong 
nationalism. He once told me that at the very threshold of his 
scientific career he considered it rather unbecoming to go abroad in 
search of Western Icanung. He evert took to writing his scientific 
papers in TanuL While time mellowed some of these excesses of his 
nationalistic temper, he continued till the end to preserve intact a 
bard inner core of sturdy independence wluch often induced hint to 
act the Hampden in lus university campus. This independent spint 
urged him time and again, often at grave personal risk, to swim 
against the tide, sometimes to resist someone’s linguistic fad, at 
other times someone’s pressure to lead the prestige of his name to 
imperialisms of various sorts — both indigenous and foreign. On 
occasions hke these, something inside the gentle and suave savant 
snapped and he turned into a fighter prepared to go it alone. Fox 
though Krishnan was a living embodiment of a way of life that com- 
bined humility and peace with a forgiring understanding, he firmly 
believed that just causes must be fou^t for, if that is the only way to 
uphold them. With such a credo underlying his conduct it is no 
accident that Krishnan’s life was a pursuit of virtue and vijnan 
with equal vigour. 



PRASA>rTA CIIANDRA MAH/VLANOBIS 


Bora : 

June 29, 1S93 

Education : 

B.Sc. (ifons.), Calcutta University, 1912 

M.A., Cambridge University, 1915 

1915-22 

Professor of Physics, Calcutta University 

1922-45 

Head of Physics Deportment, Calcutta University 

1931- 

Director, Indian Statistical Institute. Calcutta 

194547 

Head of Post-Graduate Statistics Department 
Calcutta University 

194548 

Principal, Presidency College, Calcutta 

1948- 

Emeritus Professor, Calcutta University 

1949- 

Hon. Statistical Adviser, Government of India 

1955- 

Member, Planning Commission, Government of 
India* 


Founder^Editort Sankhya, Indinn Journal of StatUtica (1933- ) 
Vtce-Fresident, Biometric Society (1947) 

Chairman, U.N, Sub-Commission of Staiisiicol Sampling (1947-51) 
Presideta, Indian Science Congress (1950) 

Chairman, ECAFE Conference of Statisticians (1952) 

Chairman, U.N. Statistical Commission (1954) 

Hon. President, International Statistical Institute (1957- ) 

Fallow op the Royal Society (1945) 

Fellow of the World Academy of Art and Scicace 
Fellow of the Kins’s Collegev Cambridge University 
Fellow of the Indian Academy of Sciences 

‘ ' : Weldon Medal and Prize, Oxford University (1944) 

Sarbadhikari Medal, Calcutta University (1957) 
Hoa. D.Sc. from several imiversitics 
96 


P. C. MAHALANOBIS 


I F a great scientific movement of tbe size of patting a countiy 
on the sutistical viotld map could be attributed to a single- 
individual, he is unquestionably Mabalanobis. He took to statistics 
as a side line some forty-five years ago when be was a professor of 
physics at the Presidency College, Calcutta, and when statistics 
as a separate discipline was not known anywhere, let alone in India. 
No doubt Karl Pearson, Edgeworth, Cosset and others had already 
been at work. Bui statistics had not yet come of age even in 
England as the tpoeb-making work of R. A. Fisher and his 
followers of whom Mabalanobis was one of tbe earliest had not 
cocntnenccd till the early twenties. 

Mabalanobis, who had gone to Cambridge in 1913 to study 
physics and mathematics, returned to India two years later with 
copies of Karl Pearson's journal Siometrica and Biomelric Tables. 
These publications gave him his first glimpse of the new vistas in 
statistics that were just beginning to appear. He has since opened 
many of his own. There is no space here to dwell on them all. 
But one may perhaps be permitted to hoist him with a well- 
aimed sampling peurd devised according to his own prescription. 
If we take as our sampling frame any of the internationally recog- 
nised modem monographs or textbooks on advanced statistics, wc 
will find in their author index Mahalanobis’s nmne linked with 
at least three major developments. They are : Mabalanobis "dis- 
tance”, his contributions to the design of experiments, and his theory 
and practice of large-scale sample surveys. 

Consider first Mabalanobis "distance". It is in some ways 
an analogue of the distance of oux daily use. In ordinary parlance 
distance is the measure of thestparalion between any two geographi- 
cal locaUons in any space such as that of the ^ph paper oa 
our desk or the surface of the earth on which we live or the three- 
dimensional perceptible space around us. Its staUsfical counterpm 
thould imuatU murondit be a measure of "separation” between 
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a wjiote man witfi an integrated personality," He had tie capacity 
to dri\e home a moral as well as disarm a critic with a single mot 
Juste or at roost a conle Juste out of his vast repertoire. It is 
so vast that Nehru odcc rcaioikcd that he did not remember 
meeting Krishnan on any occasion when he bad not told him 
some new story. 

I have space here to repeat only one such story with which 
he silenced a carping critic who upbraided Dr. Bbabha (during a meet* 
ing at which the late Prime Minister himself presided} for locating 
the Atomic Energy Reactor at Trombay, near Bombay, without 
proper investigation into the pros and cons of all the available sites. 
Krishnan recalled the story of a student of the great mathematician, 
Jacobi, who was so befogged by the wide range of earlier researches 
on bis subject that he did not know where to begin his own. Or. 
day he ventured to ask his master for adsicc. Jacobi eiplode 
"For heaven’s sake begin somewhere, anywhere 1 If your fat' 
bad waited to investigate all the girls before deciding to many 
there would have been no you, much less any of your rescan 

Such telling humour, Gallic wit and quick repartee w'e 
outcome of a razof'sharp intellect stuped in diserse fields 
science — history, philosophy, linguistics and literature. It is 
able that, in the midst of his preoccupation with physics, c 
mathematics, teaching, administration and research, 
it possible to do more than his share of Valmild an 
But greater still was the cultivation of his own mr 
Tamil, of which he was a distinguished wii 
two reasons for bis devotion to it. First, he recc 
for the development of as clear, precise and direct ' 

Indian languages today as the early Fellows of 
gave to the English language three hundred ^ 
mending the “close, naked and natural" pro' 
scientific writers, Krishnan went to the hear 
Icm of scientific and general use. 

• It is the creation of a live language 
cisely and without ambiguity the nev 
novel age, and not merely a dictir 
which alone some of our language c 
BeUeving that example was bettei , 
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gplhcr in a wcU-defiaed segment of its own, there arc a few Q-poiot$ 
that appear in the P-cluster and vice versa. In other words, the 
fore and tail ends of the two clusters of P- and Q-points overlap 
to a more or less extent. As a result some border-line cases do 
arise when an individual represented by a point in this region of 
overlap might be misclassified if wc tried to infer his category (pygmy 
or Nordic) from his height measurement alone. All we can do in 
such cases is to adopt some of the statistical criteria devised by 
statisticians to minimise the probability of such a misclassilication. If 
this minimal probability of a wrong inference is some positive 
proper fractionoc, the two populations may be deemed to overlap 
to the extent of 100 cc percent. Thus if the two groups overlap 
completely —cent per cent overlap — oc is clearly one. Contrariwise, 
when they arc completely distinct with no overlap at all ais zero. Wc 
may therefore reasonably measure the extent of separation or 
divergence between the two populations by the index (I — a). For 
the index assumes its maximum value 1 when the two groups arc 
completely distinct with no overlap or oc— 0. Likewise, its mini- 
mum value IS xero when the two groups are completely iderAical 
with cent per cent overlap or oc=l. In this respect Mahalanobis 
'‘distance’* is a sophistication of the classical tests of significance. 
While the classical tests say that two groups dilTcr significantly, 
Mahalanobis “distance” measures the extent of that dilTcrcncc. 

Take, for the sake of simplicity, two groups or populations 
having two attributes, say, stature and weight. Wc could again 
represent any individual of our populations by a point on a two- 
dirncnsional chart such as a graph paper instead of a one-dimen- 
sional straight line. Oa this chart we draw two straight lines OX 
and OY inclined at any angle as shown in Fig. 2, If we measure 
a length OM along OX equal to the stature of any individual and 
from M draw a length MP| parallel to OY but equal in length to 
his weight, we may represent the individual by the point P| on our 
two-dimensjonal chart exactly as we represented him earlier on a 
uoi-dimensional strai^t line OX. W’e again have a duster of P-points 

Pi, Pj — P ick, and another cluster of Q-pomu Oj, Qj Qjoo 

with a certairv amount of overlap. It is obvious that so long as the 
two dusters overlap there will always be a chance of an unclassified 
individual being misdassified. As before, the minimum attunable 
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any twx) populations in any ensemble of populations we nay choose 
to study. 

Consider, for the sake of deimiteness, two populations, one 
African pygmies and the other of Nordic sncdcs. If we s 
interested in only one attribute, say, their stature, we wrillSndtii 
individuals of both populations vary. Some are tall, sot 
medium, while still others arc short. It may well be that afew of l! 
taller pygmies arc taller than some Swedish dwarfs. Noerthcle 
despite such overlaps of stature there is some sense in the clai 
that the Nordic swedes as a group arc taller than the Africa 
pygmies- If so, we may legitimately wish to enquire how far apa; 
or how ••distant" the two populations as a whole are in respo 
of their stature. If we choose to measure the ‘•distance** betwee 
them by the dinfcrencc between the mean heights of the two popula 
tions as our common-sense at first sight may suggest, we encountc 
a serious difficulty when we proceed to consider some other attn 
butes of our population such as weight, girth, head length, etc., s< 
that we now have a set of several sample means like those oi 
stature, weight, girth, etc., instead ofasin^eone. The problem theii 
arises as to how we may construct a single measure of "separation 
from so many sample mean dilfertnces. Mahalanobis invented a 
neat way of solving it 

To undervund the uaderlytng rationale of his solution consider 
two samples of. say, lOO pygmies and 200 Nordic swedes wti<M 
heights we have measured. If we take on a straight line a point 
whose distance from a fixed origin is the height of an individual, we 
may represent this individual by such a point. The J CO individuals 
10 one sample will then be represented by a cluster of 100 P-pouda 
bke P,. Pj. .Psa, -...PiM and 200 individuals m the dbef hr 
.another clusterof 200 Q-pointi tike Qi,Qi.< - Qiiw.-- --QMe tp* ^ 
Although po.nts of each sample cluster tend to Oock tO' 
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her in a welWefined segment of its own, there are a few Q*points 
it appear in the P-cluster and vice versa. In other words, the 
•c and tail ends of the two dusters of P- and Q-points overlap 
a more or less extent. As a result some border-line cases do 
ise when an individual represented by a point in this region of 
crlap might be misclassificd if we iricdto infer bis category (pygmy 
Nordic) from his height measurement alone. All we can do in 
eh eases is to adopt some of the statistical criteria devised by 
atisticians to minimise the probability of such a mJsclassificatioo. If 
is minimal probability of a wrong inference is some positive 
oper fraction a, the two populations may be deemed to overlap 
1 the extent of lOO oc per cent. Thus if the two groups overlap 
jmpktely — cent per cent overlap — a t$ clearly one. Contrariwise, 
hen they arc completely distinct with no overlap at all ccis zero. We 
lay therefore reasonably measure the extent of separation or 
iveigcncc between the two populations by the index (1 — a). For 
ac index assumes its maximum value 1 when the two groups arc 
ompletcly dtstinct with no overlap or «=0. Likewise, its mini- 
mm value is zero when the two groups are completely identical 
nth cent per cent overlap or oc^l. In this respect Mabalanobis 
'distance'' is a sophistication of the classical tests of significance. 
Vhilc the classical tests say that two groups differ significantly, 
dahalanobis “distance" measures the extent of that difference. 

Take, for the sake of simplicity, two groups or populations 
laving two attributes, say, stature and weight. Wc could again 
•epresent any individual of our populations by a point on a two- 
limensional chart such as a graph paper instead of a onc-dimea- 
iional straight line. On this chart we draw two straight lines OX 
and OY inclined at any angle as shown in Fig, 2, If we measure 
a length OM along OX equal to the stature of any individual and 
from M draw a length MPj parallel to OY but equal in length to 
bis weight, we may represent the individual by the point Pi on our 
two-dimensional chart exactly as we represented him earlier on a 
uni-dimensional straight line OX, We again have a duster of P-points 

Pt, Pi. . . . Pi(jo and another cluster of Q-points Qi, Qi Qjoo 

with a certain amount of overlap. It is obvious that so long as the 
two clusters overlap there will always be a chance of an unclassified 
individual being misclassified. As before, tbs minimum attainable 
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If wc consider three attributes of the populations, say, stature, 
rvcight and girth, the cluster of P' and Q- points will now be in three- 
dimensional space, 0ut the two clusters will have as before a 
certain overlap with a certain consequential minimal probability 
(or) of misclassiScation. The “separation” or divergence between 
the two groups can again be ircasurcd by the index (1— tx). The 
extension of tbrs procedure to include still more multivariate 
populations, that is, populations having more than three attnbutes 
IS similar even if a graphical representation of clusters is no longer 
available. 

Although we have dehned “distance” by recourse to the mioi- 
mal probability ot of misclassification due to overlap of diSfcrcnt 
clusters of sample “points", it is possible to represent it also as a 
geometrical distance between points on a chart or in space. Thus 
suppose vve plot in Fig, 2 a point P whose X-coordinate is the mean 
stature and Y-coordinatc the mean weight of pjgmies. Let Q 
represent the corresponding point with mean values of the swedes. 
It has been shown rigorously that we can represent the Mahalanobis 
“distance'' or the separation between the ivio populations by the 
geometrical distance PQ on the chart, if we remove certain arbitrari- 
ness in preparing our chart. For, in our chart we took the axes 
OX and OY at a/iy angle and wc measured the two auributes sialiire 
and weight in any units. To remove the latter, wc observe that 
wc can replace any given set of measurements, say, the stature of 
100 pygmies in our sample by two measures, one the mean to 
represent their central tendency, and the other their standard devia- 
tion to represent their spread or within*samplc sanation. The ratio 
of these two measures being a pure number will obviously be the 
same, no matter in what units, inches, feet, centimetres. etc., wc 
choose to measure the stature. Wc may therefore measure the mean 
values of the sample attnbutes as ratios of their respective stan- 
dard devialions, that is. m standard deviation units and thus make 
them independent of the scale of tncasurtmtiit. 

To remove the arbitranncss of the angle between the two axes. 
Mahalanobis observed that the chief obstacle in the way of mea- 
suring the amount of divergence or generalised “distance” between 
stausucal groups arises from the correlation between the attnbutes, 
that rs, the tendency of the attributes (stature and weight in this 
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cai«) Id hjftJ in hanJ. Suiuiicunt i:;«atufe ii by ab wJtx 
c»lW t)w c<xnUiinl of cotrtUiion (r) which rcjy Uke any fjJne 
mihin the ran^ — I in 1. To otcrcomc ihn (JifHcuiiy, ha lu^^atcd 
liaatfomiAllon of the ebentd v-ali-ca rf ih« two. viy. chancier*, 
Uaturt arui weight inio a syilcm of staiiiitcally ind<pcr 4 d(Bt ramiea ■ 
havin; nil cotttUtton. Thut. if we replace the two measurcJ * 
and w of itJiurc and wcighi rt<r<«*n<*y of an irditidual in oof ' 
itrowp by two others a and y, where a— as+bw and y-cs+d# 
il is porubl: to tkurminc the values of a, b, c ard d in such > 
way that correlaliofi between x and y U fero whila that between * 
and w il not. 

An cquivaknl way of doinp the same thins to irxIiM the two 
asca we orlsinally adopted for our graphical repruenUtion at that 
particular an^lc whose cmine it equal to r. the coctlicient of corrcii' 
lion belwten s and w. II we now mea.iure alons inclined 

at thit an^lc ntecni of stature and weisht in standard deviauofl 
Until for each group, we get a set of points whose mutual dis t a nces 
on the chart will equal (except for a scale factor) Mahalanobis 
generalised '‘distance” based on two characters. 

To illustrate, consider the study of Bhils from four diiTerent 
regions, sir., I’anchansahoi, Rajpjpb, Khandesh and Maharashtra, 
nude by Majumdar and Rao at Mahalanobis's instance. It was 
based on two measurements (head length and breadth) of four 
samples, one of each group. If we plot the sample mean s of 
length and breadth measured in standard dcvblioa units on aa 
oblique set of axes inclined at an angle of SI degrees whose 
Cosine equals 0‘15, the computed value of the coetBcicot of 
comlation between length and breadth, we obtain a plot of four 
groups as shown in Kg. 3. The actual geometrical distance between 
the plotted points is also the Mahatanobis "distance” which mea- 
sures the extent of overlap between the groups. Coascqacatly, 
actual distance on the chart is also a measure of the probabiliV 
o: of wrong classification. Small distances on the chart correspOBi 
to greater overlap between the two groups concerned and therefore 
greater probability « of mUclassification and large distances to snU" ' 
probability. Thus distant groups on the chart like Khandesh 3B“ I 
■ Mra arc really remote as neighbouring groups h*® 
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Khandcsh and R jptpla arc really akin in a statisncally iignilicant 
sense as wcU. 

The value of Mahalanobis generalised “distance** stems from 
the fact that in many disciplines such as biometry, anthropology, 
psychology, econometrics, geology, social research, etc., we hav^ 
to search for significant patterns hetweea groups of miasurcmcDts 
obtained. We are not concerned with tbs attributes of any single 
individual in any group but with the characteristics of a group as a 
whole yir-O'i’ir other groups, that is, their interrelationship. Maha- 
lanobis “i^laaoe” provides a fruitful way of ordering groups in a 
few constellations, those having the nmimum overlap Socking 
together and those with lesser overlap remaining apart. Such a 
patterning of groups suggests valuable clues to their evolution— how 
they come to be what they are. But its significance in statistical 
theory is better appreciated if we recall that Mahalanobis managed 
to generalise Student's l-tesl via his “distance" or what b called 
the D2-staUstic some seven yeocs before Hotelling devi'.ed his T- 
statbtic to do for multivariate populations what Students’ t-statbtic 



SOME EMINENT INDIAN SCIENTISTS 


IW 

did for the univariate ones. It is therefore no mere accident that- 
the sampling distribution of Mahalanobis “distance" — D2 is closely 
connected with that of Hotelling’s T. 

At about the lime (1925) Mahalanobis first formulated his 
concept of generalised “distance”, he also began work which iij 
course of lime was to culminate into what is nowadays called the 
design of experiments. For by sheer chance he found himsdr 
struggling with “errors” in some agricultural field experiments in 
which a number of varieties of paddy had been sown in parallel 
plots repeated in the same order in several blocks. “Error” in 
this context is not what we ordinarily call “mistake” with all its 
unpleasant connotations. It is simply an omnibus name for all the 
variations from whatever source which exists among the results 
of independent experiments that arc intended to be identical but 
cannot be. Thus, in the case of paddy yields of the six varieties 
that Mahalanobis examined at the time, he had to reckon with the 
variation in yields due to the varying fertility of the plots on which 
they were grown. He sought to eliminate its effects by crude 
graduation — a technique that Neyman revived independently 
several years later. But the most fruitful consequence of his 
research at the time was that the celebrated statistician Ronald 
Fisher who read Mahalanobis’s paper sent him his own 
earlier ones on the design of agricultural experiments to control 
error. 

The kit motif o[ Fisher’s work was to rescue agricultural new 
trials from the blmd alley into which they had fallen because of 
their disregard of a basic difference between experiments perfonned 
in the field and the laboratory. The difference arises because the 
outcome of field experiments is a tangle of interactions of several 
possible factors of which we seldom have any prior knowlcdg- 
In consequence the conduct of a field trial under the ceteris pardtus 
condition usually assumed to hold m physical laboratories becomes 
all but impossible in field experiments. This is why evduation of 
seeds, ferulisers, pesticides, etc., on the basis of “statistical” 
meats, reared on lil-dasigied experiments with little regard for 
control of “errors”, can be flagrantly illogical, Fisher solved tw 
problem of design for an important though limited class of ap** 
cultural cxperime-ats. Moreover, he reduced the method to a mere 
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routine which any one could apply by recourse to the basic tables 
he producol. Mahalanobis was the first ooavett to Fisherian view 
of statistics who sought not only to apply his methods m India but 
also to extend and amplify them. 

At the Fbhcr developed his methods for improving the 
design of experiments, his approach was frankly technological. 
He was not concerned at the lime with philosophical rationalisa- 
tions of his techniques as he was to do later when he set 
himself to explore and extirpate what he called the “underworld” 
of probability logic that underlay the process of scientific 
inference. He had then set himself the task of analysing experi- 
mcnul data, and devidng those improvements m statistical 
methods which promised to make such analysis more thorough 
and comprehensive. That is, he was concerned with formulating 
techniques wluch were superior to the more conventional 
ones in the concrete sense of extracting from the data more 
"information" on the subjects under enquiry, and therefore 
leading to estimates of higher precision and to more sensitive 
tests of sigmficance. He was the first to emphasise that planning 
of agricultural experiments is an econoimc question requiring a 
balance between cost on the one hand and precision and reliability 
of estimates on the other. He also showed that very often subsequent 
manipulation of experimental data by recourse to the most elaborate 
statistical refinements could increase the precision by only a few 
per cent, whereas a diCTcrent design involving little or no additional 
cost and experimental labour could increase the precision by a 
factor of two, five or even more and could also supply informatton, 
in addition, on relevant supplementary questions on which tbc ori- 
ginal design was completely blank. 

Mohalanobis led the movement for the introduciion of these new 
and xevolufionaiy methods of experimental de^gn in India- To 
this end be wrote (in collaboration) a score of “Statistical Notes 
for Agriculture Workers” wherein these methods along with other 
innovatbns devised in his own StalisUcal Laboratory at Calcutta 
were presented as pre- fabricated procedures ready for direct applica- 
tion. These are the methods now well known as Latin square or 
Gmeco-Latin square arrangements and random'ised and “con- 
founded” designs that I have already desCTibcd in the profile 
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of R. C. Boscf whom Mahalaoobis discovered and diverted froni 
pure mathematics to applied statistics with mutual benefit to both. 

But Mahalanobis's own personal contribution lay mostly in two 
principal directions. First, it consisted in a more extensive permea- 
tion of his theory and practice of large-scale sampling with Fisherian 
ideology so that the survey may yield cither estimates of prcassignttl 
precision at minimal cost or those of minimal error within a pres- 
cribed cost. Secondly, it led him to invent in 1958 a new tool of great 
versatility and power called Fractilc Graphic Analysis (FGA) for 
interpreting the data collected in the course of several rounds of 
the National Sample Survey conducted by him. 

To appreciate the significance of his work on sampling theory 
and practice, we may mention that sampling is selection of a part 
of an aggregate of material in such a way as to represent the whole. 
But when the “whole" is scattered over a sub-continent of the size 
of Indian Union or even one of its States as is the case when we 
wish to infer, say, the area or yield of various crops by observing 
a sample of plots, we cannot pick up our sample as casually as a 
merchant takes a handful of grain from a sack he is about to buy 
or a doctor draws a few drops of his patient’s blood for diagaostio 
test. For, the material, that is, the plot yields or acreage undec 
cultivation to be sampled is neither well-mixed nor located at one 
readily accessible site as both blood and grain of our illustrations 
are. When, therefore, we have to estimate one or more parameters 
of a population which is both extremely hetrogcncous as well M 
widely scattered over space and very often m time too as for examp « 
is the case with per capita income of a country, the questbn of 
design becomes of paramount importance. For, with an ill-deugn- 
plan one may literally bum hU sampling candle at both ends, t t 
is, burst the budget and yet produce outrageously inaccurate 
estimates. . 

In a memorable paper on Large-scale Sample Surveys pubma 
in the Philosophical Transactions of the Royal Society (1946) 
lanobis developed his theory of large-scale sample surveys bM^ 
on bis earlier experience of actual surveys design^ to estimata ^ 
area and yield of a number of crops Ukc paddy and j'uts in Beoj 
and wheat and sugar-cane m U.P. lie began by recalhag «hs 


tSeepa;«32 


P. C. MAIULANOOIS 


jor 


tcQown fact of sampling theory that the (unknown) mean value oF 
the attribute of any given population may be estimated by taking a 
random sample of size ‘n’ in such a way that every item of the popu* 
lation has equal chance of inclusion in the sample. If then we com^ 
puted the sample mean ‘m* and its standard deviation ‘s* the true 


meatt would be in the 


range (mi2^^)wilh odds 24 : 1 


m favour 


or. In the range (rad:3-r) with odds 499 : 1 in favour and so on. 
In other words, the margin of error is simply a suitable multiple 
®f depending on the degree of confidence with which we wish 

to make the assertion. It therefore follows that we should expect the 
sampling error to decrease inversely as Vo* the square root of the 
size of our sample. MahaJanobis, however, found that the actual 
decrease in agricultural surveys was much smaller so that the gain 
in precision by iocreasing the size of the plots sampled was appre- 
ciably less than that expected on the basis of ordinary sampling 
theory. He correctly ascribed this deviation between actuality and 
anticipatioti to the fact that the proportions of land sown with a 
particular crop (or the yields of a crop) in plots in the same neigh- 
bourhood arc not statistically independent but are highly correbted. 

Thus the coniHtion assumed in sampling theory that any group 
of individuals has the same chance of being selected as any other 
group of the same size no longer obtains. For selection of, say, 
five plots in one neighbourhood is like selecting a sample of five 
telephone subscribers by selecting one at random and then taking 
the four who follow him in the directory. When such is the ease, it 


is no longer true that the sampling error of the mean is 


times 


the standard deviation of the sample. Since the ways of securing 
such equiprobability of selection of plots in agncultural surveys 
arc prohibitively cosily in money if not m time too, hfabalanobis 
invcsvigaled in detail the complication caused by this feature of 
correlation between sampled units. He showed by theoretical rcason- 
mgsupplemcntcdbyhis empirical experience of actual surveys in the 
past how one may compute the sampling error (e) of the sample 
estimate under conditions such as usually prevail in agriculture 
surveys. 
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The computation is essentially an intricate exercise in 
combinatorial mathematics. But its underlying idea is simple ; 
indeed the same as in all sampling problems. It is merely the cal- 
culation of the number of ditferent ways in which a specified number 
of items can be either picked up or permuted from a given group 
or aggregate having regard to certain prescribed constraints on oar 
choice. For the calculation of the sampling error (c) of the esti- 
mate of any population parameter is really a statement of the con- 
fidence expressed as probability with which we may assert that its 
actual (unknown) value docs not diller from the sampling esti- 
mate by more than a preassigned multiple of c. And the probability 
of any event is simply a ratio of two diiferent sets of combinations 
like, for example, the probability of at least one ace in a bridge hand. 
It is simply the ratio a/b, where a is the number of combinations ia 
which 1 3 cards picked out of 52 contain at least one ace and b is 
the number of dl combinations in which 13 cards can be picked 
out of 52 irrespective of whether they contain an ace or not. 

Hasing in this way computed the sampling error inherent in the 
various sampling schemes of agricultural surveys he proceeded to 
specify the likely cost function (c) of such schemes. His problem 
then became one of the following two : 

(i) Given a value of c, to choose a scheme of sampling 
which required, among other things, determination of 
the partition pattern of the total area into grids, each 
with its own number of basic cells so as to nuniinisc, * 
or alternatively, 

(ii) Given c, to choose the foregoing entities so at to 
minimise cl 

He showed that both questions yield practically the same answer. 

that is, the same grid pattern and the same set of values of siw and 
density of the grids over the different zones into which whole 
area to be covered may be divided. But his preoccupation with 
sampling errors did not make him oblivious to other (non-sampling) 
sources of error ia such surveys like errors due to the bum^ factor. 

- sought to check them by various devices like that of inlerpene- 
network of samples (that is, the same sampling un*tt being 
• ‘ by two ladepcndent observers for cross-check) and elhef 

’rn*' All in all he showed that the conduct t f a Urge* 
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scaJc sample Is something of an engineering project so that it might 
well he c^cd ‘'statistical engineering". It is true that for a fuller 
understanding of his theory of sampling designs one needs mathe- 
matics that is a bh sUB'. But it is no stiiTer than that required to 
design a Wgb-specd aeroplane ; quite the contiaiy. If the difficulty 
of understanding the intricate mathematics underlying the design of 
a sample surs'ey is an argument against its use, it is svcll to recall 
that it is equally futile trying to design a high-speed aeroplane with- 
out mathematics and a lot more dangerous. For a badly designed 
aeroplane wll only bill a few pilots and passengers. But false ideas 
about our food croi>s and acreage may lead to the death of nulllons 
as the Bengal Faxmne of 1943 demonstrated not so long ago, 
Ilowwer, his latest innovation mentioned earlier, vie., FractUe 
Graphical Analysis designed to present sampling data collected 
during the course of National Sample Survey in a more meaningful 
way is mathematically much simpler and therefore easier to under- 
stand. Its value springs from the fact that it neatly resolves a diffi- 
culty encountered in comparing socio-economic conditions of a 
group of people at two different epochs or of two groups of people 
at the same epoch. Such comparisons, if made, ia the usual way 
arc spt to be meaningless. Consider, for example, the pattern of 
expenditure of a population at two different epochs. If w-c compare 
the mean expenditure on foodstuffs, clothes, education, etc., of differ- 
ent income groups, we arc in effect comparing expenditure measured 
ia two different cunennes as the purchasing power of money has 
nicanwhilc altered. Index numbers of various kinds devised to 
keep irack of changes in complex patterns such os cost of living 
arc not of much use in restoring parity to our comparison. But 
we can do so by first dividmg the population into equivalent frao- 
tional or fraclilc groups and then comparing the proportion spent 
on each item by each fraetde group. Thus we first rank the indi- 
'idualt in our population sample ia a«xnding order of their total 
expenditure. Next wc bundle them ia any number of equal groups 
so as to include a fixed percentage, say, ten per cent of the total 
included b the sample; Then the fint fractional or fraodc group 
wai coasisV of ten per cent of the poorest, the second group those 
of the tea pet cent of the next poorest, and so oa for the tenth group 
of tile richest ten per cent. If cow compare the proportions 
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expenditure on foodstufis, clothes, cd;«lba, cle:, ofoch of 
ca fraetJe groups at two diflercat epochs. th« altered PLXchMiac 
power of money is of no coasequeno. 

sample of MahalaaohVs coatnbatioas 
I r statistics seems to 3 student of his complete worbt 

unddy biased, it is because the sampling frame, rir.. the iatenatioad 
textbooks and monographs used to sample it give short shnft to « ■ 
unnMse variety of his other statistical output. They omit to men* 
lion it because it is merely the application of well-known routini; 
statistical procedures (with suitable amendmenU as required) to a 
i^iunbcr of concrete practical problems c\ezi ihou^ nuny of the 
problems themselves are a far cry from routine. A ease in point. 
IS his statistical study of the areal and time distribution of rainfall 
rn relation to fioods in Orissa rivers. I: enabled him to controvert 
the suggestion made in 1926 by a committee of expert engineers 
to raise the embankments of the Bahimini river by several feet to 
prevent future floods. Mahalanobis could do so because his statis- 
tical study of rainfall in the past sixty >cars showed that the abnormal 
rise of the river in 1926 could rcasoiubly be ascribed to exceptionally 
heavy rainfall in the catchment area and not to any rise in its bed 
as the committee liad imagined. 

Such continual resort to ready-made procedures in preference 
io what he once called “sterile intellectual acrobatics” springs from 
his firm conviction that statistics like engineering is an applied 
science. Its sole raison d'etre is the help tl can give in solving a 
-concrete proWcni. No doubt (he would himself hasten to add) 
statistics must rely on mathematical theory even as engineering 
has to. Dut he is never tued of warning his collaborators in the 
Indian Statistical Institute of which he has been the pcrnmeol 
Director ever since iis inception that while practical work without 
-adequate theoretical foundations will be ineOicicnl, too cfudiic 
theory with little or no prospect of practical applKuiion wiB be 
-ostentatious. It is, however, not always easy to keep in practice 
the delicate balance between theory and practice. He blmicd 
to had hard time of it domg so in the Sutislical Institute.^ la 
hit cdbrls to restrain the so-called nuthenulical ‘'excesses’* of 
•one of his erstwhUe collaborators he may have occadonaBy crossed 
the invisible line of balance with ihe con>equCBCe that a f«# 
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them, ttho like R. C. Bose arc really pure mathematidaas thinly 
<ii5Emsed as statisticians, felt obliged to emigrate abroad to find 
their metier. But by and large he did succeed in giving a strongly 
practical slant to the statistical output of his team of sdenlific work- 
ers in the Institute. 

If the foregoing thumb-nail sketch of Mahalanobis, the sci- 
entist, is confined exctusisely to a few bighbgbts of hU work in 
statistics only, it is because he made his most original contributions 
in this branch of science rather than any other. He has, of course, 
done many more things than mere statistics. He has, for example, 
participated in the social, cultural and intellectual movements in 
Bcog^ associated with the names of Raja Ram Mohan Roy and 
Rabbdra Nath Tagorc—bcing a fluent speaker and writer of Bcn- 
£di. He has found time even to explore the ancient Indian Jaina 
dialectic of Sayadvadva to show “certain interesting resemblances’* 
of that school to “the probabilistic and statistical view of reality” 
sparked by recent developments in quantum physics. He has 
delved deeply into economic theory developing econometric models 
known as Mahalanobis’s two and four sector models for determinins 
optimum investments in dilTcrent sectors of the national economy. 
But above all it is his work on national planning as one of Nehru’s 
brain trust on questions of economic growth and dcvelopmcat 
that took most of his time afler Independence. It culminated in 
his draft outline of the Second Five Year Plan that he submitted 
to the Government of India in 1956. 

While all these and other outputs of his prodigious labours 
t*iU no doubt seem to him, a man of action and affairs that he is, 
more important, his claim to fame as a seientUt wiH rest largely on 
his conuibuiions to statistical theory some of which I have outlined 
above. When all the sound and fury of controversies that he 
has raised by his use (or abuse) of statistics to promote hu ideas 
on national planning in developing countries is itiUcd in due 
'Course, it will be said of him : He became in his own hfttiroe 
a father figure of a specifically Indian School of Sututics. But 
he broke with the Indun tradition because the school he founded 
was marked by a typically un-Ind'un accent on acuon rather 
ihats eontanpUtion. 
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*^inRTY-FIVE years ago whea Dr. Chandrasekhara Venkata 
Ranjan rccei\ ed his Nobel Pnze at Stockholm, he repeated at the 
presentation ceremony xhc experiment thalbad earned him the award, 
t was a demonstration of what is now called the Raman cfTcct 
on a namber of liquids, one of which happened to be alcohol. The 
same evening, at the banquet held in. his honour, the hosts offered 
a drink which the vegetarian and teetotaller scientist naturally 
tcfused. Thereupon, one of them reproached him for being unfair 
0 alcohol, saying, “You delighted us in the morning with a demons- 
bation of Raman effect on alcohol. Why not continue the pleasure 
y a reciprocal exhibition of alcoholic effect on Raman ?“ 

While the effect of drink on man has been known since Bacchus 
^ught him the secret of wine, the converse Raman effect could not 
®ven be imagined without the discovery of a hitherto unobserved 
wtiibuic oriight. That radiant light, “the eternal coeternal beam”, 
Wins for us our “rising world of waters, dark and deep” we know. 
But that it could exert pressure like a rocketing bullet is diihcult 
to appreciate in everyday life as no apple of an eye has ever been 
dented by a shaft of light. Nevertheless, what is an imperceptible 
gossamer touch for the eye is a smashing hit for the invisible mole- 
cules and atoms of liquids through which a light beam may travel. 

The first to suggest that a beam of light could also act as a 
fusillade of minute bullets was Albert Einstein. It was indeed 
4 paradoxical notion at the time, quite out of tunc with the usual 
Maxwellian idea of radiant light as a sort of radio wave only about 
a billion limes shorter. It did not, therefore, gain full credence till 
some 25 years later when Raman, by 3 series of superb experiments, 
actually gave an ocular demonstration of a tangible bullet effect 
of light beams. 

One such effect had been predicted by Smekal some five years 
before Raman produced it in his laboratory at Calcutta. Smekal 
reasoned that when a beam of light of one pure colour, say, the green 
113 
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cffcvt lh«s maVcv il poi^tMc to roap out vhc lc\clk of poistbic entigy 
£.ain& of tbcXtoolccuks .in\l aion^s of ibe &ub%tance. from v^btcb tt 
i% bot a iUplo infer tbe litiails of ils molecular ami atomic Mructurc. 
In other MoriJt, here » a technique for t^plotine the inictiors of 
TOolv-cvIcs anii atoms. Such an exploration 'uas possible exen before 
Raman’s Uiscoxeiy but It I equiieil recourse to a process called 
infra-red spectroscopy whose einp1o>mcT]t presented preat experimen- 
tal difficulties and nsVs of error on account’ of its dependence on 
measurements of ins isible infra-red fays by their heat effect. By 
substituting measurement of the colour modifications of 
Msiblcrays, the aUernatise Raman spectroscopy provides a supeibly 
easy cxpcnmcntal technique. This is why the Raman instruments 
arc now extremely useful toots of the physico-chemical workshop 
and an essential equipment of the research laboratories of all pro- 
gressive universities and industries. Because of their rapid spread 
the internal structures of lens of thousands of compounds have 
been investigated by their use. 

One consequence of the use of such molecular and atomic 
probing machines as the Raman spectroscope, electron micro- 
scope and ultra-ccntnfugc is that the knowledge acquired through 
them has shown the way to synthesise more and more artificial mole- 
culcs—many of them vital to industry and science. Indeed, a whole 
crop of new industries such as colour photography, plastics and 
synthetic rubber has sprouted during the past few decades from our 
deeper understanding of the interior build of molecules and atoms. 
Today, not only many of the fabrics we wear but many of the colours 
we enjoy, the fuels we use and the drugs wc consume have been 
developed in this way. 

Raman himself has been more interested in synthetic diamonds 
than in synthetic drugs. 11 is followers claim that this extraordinary 
interest is purely scientific because diamond is an ideal substance 
for the study of the solid state by means of its Raman spectrum. 
But it seems to me that it stems equally from the acsthcfic appeal 
of its glitter and sparkle. For Raman is also an artist in his appre- 
dation of light, colour and form. He is as apt to be lured by the 
lustre of gems as by the mystery of their internal architecture. For 
him reading a newspaper in a dark room by means of his ow n "blue” 
diamond under invisible ultra-violet irradiation is even more exciting 
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(he world in the domain of physics during the 'twenties, one will 
appreciate what a rare honour such an invitation was. 

Nevertheless, these early researches on musical instruments 
were no Ninth Symphonies of colour and form that came later and 
vfon for him world-wide acclaim. How could they be, indeed, con- 
durted as they were by a professional finance officer of the Govern- 
ment of India in such spare time as he could scrape from his official 
chores? Foe when Raman came of age, over S5 years ago, scientific 
research as a whole-time career was not heard of in this country, 
Raman, therefore, like most bright students of his day, drifted 
from college via a competitive examination into government service 
almost in a fit of absent-mindedness. But he seems to have regret- 
ted the choice of his metier sufliciently to jump at the very first oppor- 
tunity ofa change that came his way ten years later with Sir Asutosh 
Mookcrj’ee's offer of the newly created Palit Professorship of Physics 
in Calcutta University. 

The surrender of what he called the " preferments of office” 
in favour of the “pursuit of knowledge” would have made him 
at least think twice, especially as he was already 29, at a lime when 
most research woikers are usually past the peak of their form. But 
he assures us that while Sir Asulosh’s offer of the Professorship 
to an ’‘unknown government official” was an “act of great courage”, 
his own acceptance thereof was without demur — “just a case of 
following his own inclinations”. All homage to Sir Asutosh’s dis- 
cerning eye which saved from obscurity this gem of purest ray serene. 
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R amanujan was a pure mathcraanaan of the highest order, 
who worVed on the theory of numbers, a theory which is the 
<}>jcea of raalhcmatks even as mathematics is the qaccti of the 
sciences. It is a branch that is as old as Pythagoras and ELClid, The 
reason is (hat, long before the dawn of civilisation, man bad learnt to 
count and bad become familiar with integers, that is. whole numbers 
tike 1, 2, 3. 4, 5 and so on. From such familiarity it is a natural step 
to look for general properties pertaining not to any specific number 
but to entire classes of integers, and that is the heart of the theory 
of numhers. For this theory does not concern itself with any particu- 
lar number (example : 2 divides 6 exactly) but takes in its stride whole 
classes of integers (example: 2 divides all even integers exactly). 
However, very often such general statements about classes of whole 
numbers, though for the most part easy to understand, require 
for their proof the deepest resources of present-day rnathematics 
like the modern theory of functions which goes beyond -the inttgera 
from which it takes its rise as far as topology goes beyond high 
school geometry from which it springs. 

Take, for instance, Goldbach's conjecture that every even integer 
greater than two is the sum of two primes, that is, numbers having 
no divisors. Thus, 4 is the sum of the two primes 2 and 2, 6 of the 
pnmes 3 and 3, 8 of the primes 3 and 5, and so on. But any number 
of such illustrative examples whereby Goldbach made his guess do 
not prove that his statement is true for el! even numbers, although 
no one has yet found an instance to disprove it. 

A proof of bis statement is still beyond the accumulated mathe- 
matical wisdom of the world. The nearest approach so far made 
is that of the Stalin Prize winner Vinogradow, who, using methods 
traceable mainly to the work of Ramanujan and his collaborators, 
has been able to show that every large integer can be written as the 
sum of at most four primes (example 43=2-+ S 4 17-I-I9). 

Another similar problem which is easy to formulate and 
119 
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O NE of India’s most precious gifts to world science during thr 
20th century has been the epoch-making Saha equation relating 
to stellar spectra. Men had gazed at the stars for centuries, but 
even the wisest of them could make out little of their mystery. If 
they were inspired by the glory of the heavens, as was St, Paul, 
they hazarded the guess : 

Tltere is one glory of the sun, anti another glory 
of the nwon, and another glory of the stars : for 
one star differeth from another star in glory, 

(I Corinthians XV, 41) 

If they were appalled by its immensity, as was Pascal, they gase 
m to a sense of bewilderment after the fashion of the nurvry 
rhyme* 


Twinkle, t^tinkle, little star. 

How I vtonder what you are I 

But towards the second half of the last century ^tronomer* 
devised new ways of star-gazing. They began to examine «lcstia 
bodies not only with the help of telescopes but with that of g J'* 
prisms and gratings and thereby opened up new vistas in a.tronom>. 
When starlight passes through a prism it decomposes into its 
tituent colours exactly as sunlight docs to make ® * 

What we see after starlight or sunlight has passed through “ 

IS known as the spectrum. The rainbow ^turaf 

rcfraaion of sunlight in raindrops is the mod bcautifu 


spectrum that we know. , 

Although the spectra of stars arc only stellar radationi 
cJ into their constituent colours by prisms and gratings, they 
la detaJ i.he manifold glory of the stars of which St law 
a faint prcmoniiioa. For the decomposed stellar 
a bond of bright (or dark) lines on a dark (or coloured) o P 
The lines arc l.Lc cipher messages vshkh. tf ft Jpff'/ o«o«icot 


m 
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ui an idci of Ihc cctcsUal fires. To understand these messages, 
uc must learn the sjntax of the spectral language. The hard core 
of this siniax is that profound amalgam of atomic theory and 
empirical observation called quantum mechanics. Although Ruther- 
ford and Bohr ncrc the pioneers in this field, it was Saha who first 
attcrapicd to apply its principles to decipher the hieroglyphic of the 
stellar spectra. 

Rutherford and Bohr had already established the now well- 
known concept of an atom as a nimiaturc planetary system consisting 
of a number of electrons orbiting round a much hcasicr central 
nucleus of protons. But, unlike the planets, the satellite electrons 
In this subatomic planetary world do not always stay m the same 
orbit for all time. They often jump suddenly from one orbit to 
another and, under appropriate conditions, even leave the orbit for 
good and all. As all the transitions of the orbiting electrons in the 
atoms of stars leave their finger-prints in the form of spectral lines. 
It is but natural that the immense number of such possible transitions 
should give nse to a cottcsponding diversity in the spectra of stars. 
Saha called to order this bewildering complexity of stellar spectra 
by providing a natural explanation of their origin. 

His explanation of the origin of stellar spectra has all the in- 
evitability and naturalness of a truly fundamental contribution. 
He recalled the progressive dissociation of substances with continued 
heating— tile substance turning into a gas, the gas molecules decom- 
posing into those of simpler compounds, the latter again into those 
of the constituent elements, until finally the molecules of the ele- 
ments arc decomposed into atoms What could he more natural 
than that the atoms themselves should begin to disintegrate, with 
the loss of some of their outer electrons, under the stimulus of still 
further heating. Saha therefore suggested that at the very high 
temperatures— of the order of 6000“C or more— prevailing in 
stellar atmospheres, many of the constituent atoms of a star most be 
truncated with a good many of their outer satellite electrons tom off. 
(This process of atomic truncation, with loss of satellite electrons, 
IS called ionisation, and the truncated atom an ion ) Stellar atmos- 
pheres were thus merely gaseous mixtures of freed electrons and 
atoms both truncated and whole. 

Saha’s next step was to apply to such a mixture the well-known 
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laws of the kinetic theory of gases and thermodynamics which he: 
'happened to be teaching his students at the time. Now thclciaclic' 
theory of gases envisages a gas as a swarm consisting of an immense 
number of particles moving at random. But a study of such a 
welter of individual motions being impossible, the theory coniines 
Itself to a statistical examination of the average features of the entire 
assembly of particles instead of their individual attributes. 

Applying the statistical reasoning of the kinetic theory and the 
laws of thermodynamics to a gaseous mixture of free electrons, 
ions and atoms, .Saha argued that, for atoms of any given element, 
truncation or ionisation was promoted not only by high temperatures 
but also by low pressures. At high temperatures the process of 
an atom's dissociation into an electron and its truncated remnant 
goes on of Its own accord until a balance is obtained between the 
rate of dissociation and the rate of recombination. Reduction of 
pressure by lessening the chances of encounter between truncated 
remnants and free electrons diminishes the rate of recombination, 
while leaving the rate of ionisation unchanged. It thus fosters 
ionisation. Saha's equation is only a mathematisation of these ideas, 
enabling c^lcuhtion of the degree of ionisation in a stellar atmos- 
phere, given its pressure, temperature and the energy required to 
detach from the atom each of its successive electrons. His equation 
is thus the first concrete formulation of the deep connection betwra 
a star and an atom that is the hit motif of present-day astropb>'sics. 

It has no doubt been amended in important detail by the work 
of Fowler, Milne and others ; but all subsequent progress in this 
field is merely an claborati on of the original and seminal ideas of 
Saba. 

If Saha’s linking of stars and atoms seems too remote from 
our daily life, his ionisation theory has had several appli(»tions to 
such down-to-earth problems as the transmission of radio waves, 
conduction of fiames, formation of arcs and explosive ^ctions. 
Thus all long-distance radio transmission using hi^-frequen^ 
waves depends on what is called the “Kennelly-Heaviside 
a region in the earth’s atmosphere beyond the 
ing from heights of approximately 40 up to 400 miles. A 

heights the sun’s ultra-violet radiation strips the atmospheric a 

of their outer electrons. The resultant ionisation of the air 
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makes it an electrically conducting sphere completely surrounding 
the earth, for a flow of current is merely a stream of freed electrons. 
It is because of its electrical conductivity that such a layer can reflect 
radio waves back to earth. While the existence of such a layer makes 
long-distance radio transmission possible at all, it has also the 
awkward consequence of “fading” which disturbs the reception of 
radio broadcasts. The study of the propagation of radio wases 
through the ionised upper atmosphere with which Saha v. as occupied 
in later years had thus more immediate technological possibilities. 

Although the stars, atoms and ions remained Saha's roam 
concern, their remoteness from everyday life did not turn him into 
an ivory tower recluse. Quite the contrary Like Bernal, Haldane 
and Joliot Curie, he fostered among his colleagues an awareness 
of the social function of science. According to him, the mam task 
of scientists in independent India was the widespread dissemination 
of technical know-how at all levels in order to catapult our economy 
on to the "take-olT” stage. 

That IS why as he grew older and became an established national 
flgure, he turned more and more to problems of education, indus- 
trialisation, national planning, river valley projects, socialism, and 
agricultural co-opera lives. Almost every month, in the journal 
(Science and Callurc) that he edited for years, he wrote on one Or 
other of these subjects, now and then lashing out furiously at indigen- 
ous industrialists who gobbled up “enormous profits” for "priiate 
pleasure”, or at foreign "capitalists” m control of jute, coal, tea 
and other industries who took away large chunks of our wealth. He 
had little patience even with a national Gosemmeot which put 
up with all this "capiialistic" exploitation and did not dare mop up 
the “hoarded wealth, cash, jewellery, and gold lying with the Indian 
Princes and rich magnates for investment in profitable national 
enterprises”. 

In his eagerness to make the country rich quickly he scarcely 
disguised his admiration for the Draconian measures whereby Ui# 
Soviet rulers transformed a feudal, agricultural country into a higlily 
iodustrialiiCd modem state, despite wlut he thought were far greater 
initial handicaps than those we had to face at the d '' of indepen- 
dence. Nor did he conceal his contempt for the locralic 

Governments, overloaded with « ih'ir 
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clccloratcs, wlticli “muM p« force firM do Iliings demanded by them’* 
rather than “discuss far-olT sclicmcs ^ith experts and scientists”. 

No wonder alt these diatribes apainsl capitalism and demo- 
cracy made Saha unpopuiar rit many c/rc/cs. Somccscn accused 
him of *’fcllo\v-trasclling". If he found it hard lo contain bis 
criticism of the powers that be, it was because the chill penury that 
he had known at first hand in his early days could never repress 
bis noble liave-not rage even in his more adluent later >cars. He 
passionately longed lo bring that aflTucncc which he earned for 
himself by dint of bis inlcllcct and industry to one and all of his 
countrymen. 

For him this was no utopian dream but a firm conviction bom 
out of knowledge of the power of new technology and science to 
lift us out of the slough of poverty on to a new heaven of prosperity. 
But more than mere material prosperity he also hoped for a fuller 
blossoming of indigenous scientific talent, a good deal of wbicb 
he knew was running to seed under the blight of poverty and other 
handicaps. 

Saha himself had escaped such a deadening elfecl by a hair’s 
breadth. But for the generosity of a medical practitioner of his 
village, Ananta Kumar Das, which gave him his first fooiboldonthc 
educational ladder, he might well have been one among those m 
glorious obscurity whom Gray lamented : 

But knowledge to their eyes her ample page. 

Rich It ith the Spoils of time did ne'er unroll. . . . 

However, like all men of mission, he was in too great a hurry to 
pay sulficient heed to the Himalayan obstacles that stood in the way 
of bringing to earth his technological paradise. It is doubtful if he 
had clearly sitxd up the enormous difficulties that the endeavour 
to achieve the Second and Third Plan targets of industrialisaUon (by 
no means extrav'agant by his standards) has brought in its wake even 
though many of them spring from that great weakness of ours— tech- 
nical backwardness — which Saha as a scientist was the first to ^r- 
ceivc and emphasise. He also had an inadequate appreciation • 

' handicaps under which a democratic regime has to war 4 

its ideals. . u, ‘ri, • 

IS easy to suggest a short shrift for them but I doubt if he j 



131 


"w n *“=»' “ ihort- 

wuld wiZ: f'* ^J[ampdcn.l.kc independence he 

msautjon Ihai auih 3£ain<it the rigid intellectual rcgi- 

enforce. That is 

scientists bcfcrc UiUcr abject kowtow of the German 

Society President’s firm applause, the Royal 

0 George Ill’s rejection of the 
•‘reber associations conductor because of the latter’s 

^omnidcs. It was because of a 
®f Soviet biologists nuWV Lysenko’s persecution 

and others tLt thr^ Huxley. John Langdon- 

<l«ir scientists cx^^iJac out of respect for 

feqairing scientific and self-restraint in deciding matters 

pans anywhere eh,. •“°''*<^‘lse than their counter- 

,?L„„°dT'; ■'f' 

Kqmnng a surrender nrt,- auihoritanan regime 

could have persuaded cajolery 

It *as p«h7nn^ Cod ' 

'“aicnseand vers^r.u'^'^^,? “sea-green” incorruptibibty with 
ordinary men and ‘'’^^Hortual powers that endeared Saha even to 
oouards. Qjj. ?•*** Calcutta where he lived from I93S 

to the Lok SabL h endearment was his election in 1951 
* Psfsonal victorv r majority. The election was indeed 

to accent •> ^ un independent candidate, rc- 

^ a Member^ftf integrity, 

dear to him .k^ Sibh:i he never ceased to fight for 
®^'elopmj„j of k_, ’ dearest of them all being the immediate 
*J>onld have died •'^ ‘"dustrics in the country. It is a pity that he 
^•^'Vhichembod/^ ** threshold of the Second Five-Year 
“Signed to Usher in progressive ideas and which was 

®uch to see '*'* heavy industrialisation that he longed 
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electorates, which "must pciforcc first Jo tliiti 
rather than “discuss far-olT schemes with e 
No wonder all these dutnbes against t 
cracy made Saha unpopular in many circles 
him of “fellow-travelling*'. If he found il 
cfiUcisnt i)f the powers that be, U was because 
he had known at first hand in his early da> 
his noble have-not rage even in his more atn 
passionately longed to bring that ailtucncc ' 
himself by dint of his intellect and industry i 
countrymen. 

For him this was no utopian dream but a 
out of knowledge of the power of new tcchn< 
lift us out of the slough of poverty on to a new 1 
Bui more than mere material prosperity he als 
blossoming of indigenous scientific talent, a i 
he knew was running to seed under the blight i 
handicaps. 

Saha himself had escaped such a deadenit 
breadth. But for the generosity of a medical 
village, Ananta Kumar Das, which gave him his 
educational ladder, he might well have been oi 
glorious obscurjiy vvhooi Gray lamented ; 

But knowledge to their eyes her c. 

Rich with the spoils of time did i 

However, like all men of mission, he was in 
pay sufficient heed to the Himalayan obstacles t! 
of bringing to earth his technological paradise, 
had clearly sized up the enormous difficulties 
to achieve the Second and Third Plar ^ts of 
no means extravagant by his stands broi,. 

though many of them spring ' j ‘ , w’ck 

nical backwardness — which 
ceive and emphasise. He " * ' , 

of the handicaps under wh' re. 

to maintain its ideals. > 

It is easy to suggest ^ ‘ f*'' 
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himself would have tolerated many of the coastraiots of such a short- 
shtjfling programme. With liis Hampdcn*hkc mdepeodence he 
would certainly have revolted against the rigid intellectual regi- 
mentation that authoritarian regimes are wont to enforce That is 
why his greatest single stricture was the abject kowiow of the German 
scictiUsts before Hiller, and his greatest single applause, the Royal 
Society President’s firm resistance of George Hi’s rejection of the 
design of Franklin’s lightning conductor because of the latter’s 
"rebel” assodations. 

If he forbore to rap his Soviet comrades, it was because of a 
genuine belief, notwithstanding stories of Lysenko’s persecution 
of Soviet biologists publicised by Julian Huxley, John Langdon- 
Davies and others, that the Soviet politicians, out of respect for 
their scientists, exercised far greater self-restraint in deciding matters 
requiring scientific and technological knowledge than their counter- 
parts anywhere else. However that may be, one thing is certain. 
Had he himself to live under the duress of an authoritarian regime 
requiring a surrender of his convictions, not all its gifts and cajolery 
could have persuaded him to be 

One wrong more to man, one more insult to God ! 

It was perhaps a union of this “sea-green” incorruptibility with 
immense and versatile intellectual powers that endeared Saba even to 
ordinary men and women in CsJcutta where he lived from I9J8 
onwards. One proof of this endearment was his election in 1951 
to the Lok Sabha by a large majority. The election was indeed 
a personal victory for he contested as an independent candidate, re- 
fusing to accept a party ticket m order to guard his integrity. 

As a Member of the Lok Sabha he never ceased to fight for 
causes dear to him, the dearest of them all being the immediate 
development of heavy industries in the country. It is a pity that he 
should have died just at the threshold of the Second Five- Year 
Plan which embodied many of his progressive ideas and whKh was 
designed to usher in an era of heavy industrialisation that he longed 
so much to see. 
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